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| The Nature and Composition of Experimental Bacterial Aerosols’ 


T. W. Keruiey, W. B. Cown anv E. L. FIncHEer 


Engineering Experiment Station, Georgia Institute of Technology, Atlanta, Georgia 


Received for publication July 23, 1956 


In the course of investigations on the effect of chemi- 
cal vapors on air-borne bacteria, a better understanding 
of the state of the air-borne organism was sought 

> through studies on the nature and composition of 
certain experimental bacterial aerosols. It was felt that 
yan appreciation of the physical characteristics of the 
 air-borne particle would add to our understanding of the 
‘factors which determine the life or death of the organism 
under various conditions. Such prior information as 
exists on this subject was reviewed by Wells (1955), 
‘much of it being from earlier work (Wells e¢ al., 1948). 
Although the studies presented herein are concerned 
with experimental bacterial aerosols, the results ob- 
tained suggest that the findings are generally applicable 
to those arising from natural sources. 

We have previously described equipment and _ pro- 
cedures for determining the effect of chemical vapors 
on the viability of air-borne organisms (Kethley et al., 
1956). For the study of the physical characteristics of 
bacterial aerosols, a more complicated chamber system 
is required. Numerous chambers for the study of 
air-borne bacteria have been developed by other 
workers (Berry ef al., 1949; Bourdillon et al., 1948; 

> De Ome et al., 1944; Druett and May, 1952; Ferry and 
"Maple, 1954; Griffin et al., 1956; Henderson, 1952; 
Kaye, 1949; Laurell e¢ al., 1949; Leif and Krueger, 1950; 
Mackay, 1952; Phelps, 1942; Rentschler, 1942; Robert- 
Pson et al., 1946; Rosebury, 1947; Twort et al., 1940; 
. Urban, 1954; Weiss and Stegeler, 1952; Wells, 1955). 
| However, none of these embodied all the desired features 
for the study of the nature and composition of bacterial 
aerosols. For this reason, the chamber which we have 
developed for this purpose is described in detail, and 
supporting data are offered to justify the use of this 
chamber in the detailed study of bacterial aerosols. 


MATERIALS AND METHODS 


Test culture and standard bacterial aerosol. The culture 
used in these tests was from a differentiated strain of 
Serratia marcescens (ATCC 274), grown in 0.3 per cent 
beef extract broth, approximately 44 hr old. The or- 
ganisms were dispersed into the air with a No. 40 
DeVilbiss all-glass atomizer, and the resultant bacterial 

' These studies were aided in part by National Institutes 
of Health grant-in-aid, RG-2771, and by Contract No. AF 
18(600)-1119, R&D Project No. 8-7958, with the United States 
Air Force, monitored by the Arctic Aeromedical Laboratory, 


USAF. 





aerosol was classified in a 35-em cubic prechamber. In 
the cloud issuing from the prechamber, not less than 
90 per cent of the particles contained only one bac- 
terium, and none contained more than two (Kethley 
et al., 1956). 

Handling of cells for dispersion from media other than 
beef broth. For those studies on air-borne particulates 
containing materials other than beef extract. solids, 
the 44-hr-old culture was treated as follows: 5-ml 
portions were filtered through Millipore filters (MF)? 
and immediately washed by suction with 25 ml of 
sterile, deionized water. Each filter was transferred to a 
dilution bottle containing a volume of sterile water (or 
other medium as desired) equal to the volume of culture 
handled. The dilution bottle was shaken violently, and 
the contents filtered by suction through a sterile coarse- 
fritted filter. The resultant filtrate contained about 60 
per cent of the cells from the original culture; it was 
assumed that the remainder adhered to the surface of 
the Millipore filters. The cells in such water suspensions 
as were prepared in the present study showed an un- 
changed viability when compared with the original 
broth cultures kept under the same conditions. 

Samplers. As previously described (Kethley et al., 
1956), air samples of bacterial aerosols were taken with 
1.0 L per min critical-orifice liquid impingers, using a 
buffered gelatin solution enriched with brain-heart 
infusion (except where a plain gelatin solution is specifi- 
cally mentioned). Following sampling, aliquots of the 
sampling fluid were plated on a tryptone-glucose agar. 

The bottoms of standard 100- x 15-mm Petri dishes 
were used for taking settling samples in the chamber. 
To determine the number of viable bacterial particles, 
the dishes were filled to the rim with 80 ml of nutrient 
agar in order that the sampling surface would be level 
with the chamber floor during the 1-min sampling 
period. For longer exposures and for the determination 
of the total number of viable organisms, 15 to 20 ml 
of nutrient gelatin were placed in the dishes. Following 
sampling, the gelatin was dissolved in warm water, 
made up to 100 ml, shaken, and aliquots plated. Both 
agar and gelatin plates were aged at 10 C for at least 
4 hr prior to use; none were used after storage for 48 hr. 
This treatment appears to yield the optimum surface 
for the collection and demonstration of viable organisms. 

All media with the exception of the gelatin (Phar- 


2 Millipore Filter Corporation, Watertown, Massachusetts. 


2 T. W. KETHLEY, W. B. COWN AND E. L. FINCHER 


magel A)* were Difco‘, and distilled, deionized water 
was employed throughout. 

The aerosol chamber. The chamber is a 4-ft cube 
constructed of tempered Masonite; the internal sur- 
faces were finished with several coats of a white alkyd 
resin enamel, each coat having been hand-rubbed to a 
mirror finish. There are no internal projections in the 
chamber other than the air diffuser which is 5 in in 
diameter and projects from the ceiling into the chamber 
about 2 in. The chamber is located in a heavily in- 
sulated workroom into which about 3 changes per min 
of tempered air are circulated from a control room 
where the temperature and dew point of the air are 
controlled within 0.5 C. The details of the chamber are 
shown schematically in figure 1. During the dynamic 
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Fic. 1. Schematic drawing of the 4-ft cubic aerosol chamber 
(see text for details of operation). 


runs, the main air stream of the chamber (60 cfm) is 
drawn from the workroom through filter A and is 
metered by orifice C, passing through Anemostat D,° 
and is discharged outside the workroom through filter 
F. The pressure within the chamber is balanced to 
that of the surrounding room with the by-pass damper 
arrangement, G, the pressure being read on the ma- 
nometer. 

The standard bacterial aerosol issues from the classi- 
fying prechamber (6.4 L per min) and is mixed with 
the main air stream in the turbulence created at the 
orifice meter. It is then uniformly distributed throughout 

3 Pharmagel Corporation, New York, New York. 

4 Difco Laboratories, Detroit, Michigan. 


5 Donated by the local representative of the Anemostat 
Corporation. 
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the chamber by the Anemostat air diffuser. In the 
absence of this diffser, Tyndall beam tests revealed 
that the entering aerosol, only partially diluted by the 
orifice meter turbulence, will stream into the chamber! 
and collect in clouds in the corners of the chamber, 
Operating with the diffuser in place, similar Tyndall 
beam tests showed completely uniform dispersion of the 
aerosol throughout the chamber. 

Air samples are taken from any of the ports indicated 
in figure 1 for that purpose, including inlet and outlet! 
to the chamber. In addition, settling samples are taken, 
through the ports located at the bottom of the chamber, 
These ports are machined from 1-in diestock and have 
two air-tight seals, one of which consists of a sliding 
stainless steel shutter used for sealing the sampling 
port from the chamber, the other being a spring-loaded 
door which is used to seal the sampling port from the 
outside room air. Through the use of these sampling 
ports, it is possible to expose plates for any desired 
length of time and insert fresh plates as needed without 
interrupting the uniform flow conditions existing inside 
the chamber. 

Static runs are made in the chamber following the 
achievement of dynamic equilibration by closing 
sliding valves located at the inlet and outlet of the 
chamber, simultaneously stopping the blowers and 
diverting the aerosol stream to throw-away. Because 
of the problem of volume losses caused by withdrawal 
of air samples, settling samples only are taken during 
static runs. 





RESULTS 

Chamber performance. The necessary information for 
the determination of the equilibration time of the’ 
aerosol chamber is shown in figure 2. The general 
agreement between the theoretic equation (Silver, 1946) 
and the data obtained both from a gas and from a| 
bacterial aerosol indicates that the chamber is operating 
effectively and that a umform distribution of material is 
obtained throughout. This is substantiated by the 
data shown in table 1 for the aerial concentration of 
the bacterial aerosol as determined at various points 
within the chamber. 

In tables 2 and 3 are shown representative data 
taken during dynamic operation of the chamber. The 
analyses in these tables indicate a good degree of 
uniformity both within the chamber and with lapse of 
time. This uniformity of response has been found to 
continue during a full day of operation. 

The average number of bacteria per particle within 
the chamber was found to be 1.10 by direct examination 
of settled particles in the electron microscope. This 
value compared favorably with an average of 1.09 per. 
particle determined from a comparison of numbers 
settling on agar plates (total viable particles) with the 
numbers collected on gelatin plates (total viable bac-/ 
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TIME IN MINUTES 
Fic. 2. The dynamic emptying characteristics of the aerosol 
chamber. The solid line is determined from the equation for 
per cent residual = 100 (e/“") where f is the air flow rate, 
tis the lapsed time, and v is the volume of the chamber. The 
theoretic and observed (for both vapor and aerosol) values are 
in good agreement for an equilibration time of 5 min. 


teria), during dynamic operation of the chamber. The 
numbers collected on the agar plates were corrected for 
overlapping (Mack, 1953). 

It is felt that the information on the characteristics 
of this chamber system constitutes ample evidence that 
the chamber is well suited for the detailed study of 
bacterial aerosols. It should be noted that this chamber 
is also suitable for the requirements set forth by Lester 
(1955). 

The determination of the death rate of air-borne bacteria, 
In this work the death rate is expressed in terms of the 
biologic die-away constant, k: 


_ log m — log mn 


t 


k = (1) 
Where no is the original number of viables and 7, is 
the number at the end of time ¢, which is expressed in 
min. In the aerosol chamber it is necessary to correct 
the total value so obtained for losses due to physical 
fall-out. This is done by determining the rate of fall 
from the comparison of the aerial concentration and 
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TABLE 1. The distribution of air-borne organisms in the aerosol 
chamber during dynamic operation at 60 per cent relative 
humidity at 20 C 


Concentration of Organisms 


Sampling Location of Tip per L of Air 
Probe No. of Probe 
Run no. 1 Run no. 2 
1 Chamber wall 2780 2760 
1 2 ft from wall 2980 2640 
2 2 in from wall 3000 2610 
2 1 ft from wall 2420 2860 
3 2 in from wall 2960 2810 
1 Chamber floor 2700 3000 
4 2 in from wall 3130 2710 
5 2 ft from wall 2570 2900 
5 Chamber floor 2780 2120 
Average ... 2813 2712 
S.E. (standard error) ..... 78 83 


TABLE 2. Representative data for air samples taken during con- 
tinuous dynamic operation of the chamber at 20 C, 45 per cent 
relative humidity concurrent with settling data in table 3 


Concentration of Organisms per L of Air 


eer 4 Mepeee eae a 
Interva 
Probe Probe Probe i = 
deniy no. 4 no. 8 Avg S.E. 
min* 
60-80 2800 2900 2700 2800 58 
85-105 3300 3050 3050 3130 98 
110-130 2950 2900 2800 2820 73 
Average. 3020 2880 2850 2920 65 


* Following start of experiment. 


TABLE 3. Representative data for settling plates exposed consecu- 
tively for 1-min periods during continuous dynamic opera- 
tion of aerosol chamber at 20 C, 45 per cent relative humidity 
concurrent with aerial samples shown in table 2 


Colony Counts per Plate 


‘enuiing anes 
eine Port Port Port Port ea 
pi hay ten aa Avg S.E. 
min* 74 
61-64 162 150 190 175 169 8.5 
65-69 180 189 214 183 190 8.0 
70-74 155 231 160 235 195 20.5 
75-79 155 201 216 | 203 193 13.0 
S80-S4 176 182 171 176 181 3.5 
85-89 161 185 182 167 174 5.0 
Average....| 165 189 189 189 183 4.6 
Seles . 422 4 12 10 11 


* Following the start of the experiment. 
the numbers settling per min during dynamic runs; 
from this value the k; (effect of fall-out) is calculated 
and subtracted from the total k;, leaving the k due to 
death alone. For dynamic operation of the chamber 
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TABLE 4. The average* death rate of Serratia marcescens (ATCC 
274) dispersed into the air from various media, as affected by 
relative humidity at 20 C 


Washed Cells 


lashed Cells ~ enereet ahd -. | Dispersed 
| Dispersed from | fromo.see Beet (ous Dy" [from 0.3% 
Relative Water Extract Brotht from sale 
Humidity b coekack Broth, 
ae : in Water gi te 
Avg k S.E Avg k S.E -Avg k Ave k 
16 | 0.021 | 0.0008 
20 | 0.032 0.002 | 0.020 0.005 
25 0.040 | 0.001 | 0.020 0.037 
40 10.06 0.003 | 0.025 0.025 
45 
52 0.025 0.0003 
60 0.044 | 0.002 0.032 0.002 
80 0.098 0.0003 0.023 | 0.018t 
90 | 0.036 0.002 | 0.008 
95 | 0.021 0.001 
‘ 


Average of 6 determinations where 8.E 
wise the average of 3 determinations. 

+ The beef extract broth contained chlorides equivalent to 
less than 0.015 per cent NaCl. 

t Griffin et al., 1956, using a different strain of S. marcescens 
dispersed from 0.85 per cent NaCl (no other materials in the 
fluid) at 30 per cent relative humidity reported a death rate 10 
times that shown here, and an identical value at the higher 
humidity. 


. is shown, other- 


values of mo and n, are obtained from the inlet and 
outlet respectively, ¢ being 5 min (figure 2). 

In table 4, information is given for the death rate of 
air-borne S. marcescens (ATCC 274) when dispersed 
from several different aqueous media at 20 C and 
various relative humidities. The dispersion media were 
selected as representative of the various conditions 
under which organisms might be found in the air. From 
pure water the organisms exist free in the air with a 
minimum of nonliving material; from beef broth the 
organisms are surrounded with proteinaceous materials; 
from glycerol-water the organisms are surrounded with 
nontoxic, hygroscopic fluid; from NaCl-beef extract 
solution the organisms are surrounded by a mixture 
of proteinaceous material containing either solid erys- 
talloid material or an almost saturated salt solution. 
It should be remembered that the death rates given 
herein refer to the period following equilibration to the 
aerial state and do not include losses incurred in the 
process, this loss having occurred during the classifica- 
tion of the bacterial aerosol in the prechamber and 
prior to diffusion through the chamber air. 

The death rates obtained from data during dynamic 
runs were verified with data from static runs, as illus- 
trated in figure 3. From such data the death rate was 
calculated using equation (1), and making the necessary 
correction for physical fall-out. 

Measurement of the size of the cells in the test culture. 
In table 5 measurements are given for the cells used in 
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these studies. There is no real difference between any 
of the values given for the diameter of the equivalent 
sphere in that table, so for further work an average 
value of 0.8 » was taken. 

Determination of the size of the initial droplet produced 
by the atomizer. In table 6 is given the information 
necessary for the estimation of the apparent diameter of 
the original droplet formed by the atomizer, in this 
instance, 13 wu. Each particle must be formed from 
the evaporation of water from such an original droplet. 
The particle will therefore contain, in addition to at 
least one bacterium, the residual solids or low vapor 
pressure liquids from the quantity of dispersion fluid 
represented by a 13-4 diameter droplet. 

Equilibrium moisture content of materials used in the 
dispersion media. These data are shown in table 7 for 
beef extract solids, glycerol, and NaCl. It is assumed 
that pure water contains no residual solids or low 
vapor pressure liquids. 

The determination of the particle size of air-born 
bacterial aerosols in the chamber. All of the information 
cited above has been applied to the estimation of the 
physical nature and composition of the various bacterial 
aerosols. The results of the study are shown in tables 
8 and 9, where data are given for the experimentally 
determined particle sizes under varying conditions of 
relative humidity, and also for the calculated particle 
sizes, using the solids resulting from the evaporation of 
a 13-u diameter droplet, and the response of this ma- 
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Fic. 3. Settling plate data from an illustrative static run; 
individual agar plates exposed 1 min each. 
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L any TaB Le 5. The average* size of cells of Serratia marcescens (ATCC 274) grown in beef extract broth, 44-hr culture 
alent — | Elec Mic ae a: . a 
Phase Contrast Cunt as ee en Phase Contrast Microscope Cells 
erage Microscope, 1.17-4 . Suspended in Glycerol Water to 
Diameter Spheres for age a ro: | Simulate Relative Humidity 
| Calibration Broth Culture | Cells from air at Cells from air at | Calibrated Grid 
07, 1% H 
Le oe Ge es Cee Rs 2 
| | 
ationf— Average length, +S.E. iny...... 1.1 + 0.02 | 1.15 + 0.04 1.08 + 0.04 | 1.5 + 0.03 1.5 + 0.03 
ter off Average diameter, +S.E. in wu... 0.50 + 0.01 0.62 + 0.02 0.67 + 0.03 | 0.4+ 0.01 0.5 + 0.01 
this Equivalent sphere, diameter in z.. 0.75 0.87 | 0.90 0.71 0.83 
h A _ | J ee ae ae 
Irom * Each value is the average of 21 sets of measurements. 
yplet. 
to at 
vapor} TasLe 6. Data for the calculation of the average size of the original TABLE 8. The effect of relative humidity at 20 C on the average* 
fluid droplet produced by the No. 40 DeVilbiss all-glass atomizer, apparent diameter, in microns, of bacterial aerosols dispersed 
operated at 6.4 L per min from beef broth cultures 
mn the Avg : . | ; Oo eis From 0.3% Beef 
al: Names of er Cal ulated eee Diameter From 0.3% Beef Extract Broth Extract Broth, 
¢ TOre Bacteria in Cells/MI — er ol CS SNe: Ss = extinks — 0.1 % NaCl Added 
Each ealiuse droplets of Avg Droplet | Equivalent . : (Determined, 
umed Droplet* Produced per Ml Sphere Relative | Determined, plain Determined, Brain-Heart Fluid 
Humidity | gelatin fluid in brain-heart fluid —S Samplers) 
r low# - ———— —j— samplers in samplers Calcu- : 
nl i intes(, |————— 
é , . fe . ride oe =a ea Ave | Calcu- 
1.6 140 X 10 86 X 10° 1170 X 10°” 13 Avg | S.E. Avg S.E. ; | lated 
borne - A ; ——_|__—__|— -|— —|———_|__—_|_— 
ation * A total of 672 cells was counted with the aid of the elec- a = 
if the} tron microscope; these were observed to exist in 417 particles = 2.6 0.10) 1.8 0.10 es 
+s . : . a &2 ¢ 
terig|} Containing from 1 to 8 cells per particle. It is to be noted that a ‘i , einen 1.9 1.96 
abl the prechamber screens out practically all of the larger parti- ” st — sige 0.12 ge 
"eS cles; the average number of cells per particle issuing from the 60 3.0 0.12 see 0.10 _— 
alle : é : 8 2.5 ‘ 2 2.7 
itally| prechamber being 1.1, with no particles having been observed roe ; _ a 10 2.6 2.70 
ns Of} with more than 2 cells. ye 3.8 0.0) 24 0.10) 2.50 
9 4.2 | 0.10) 3.0 | 0.10) 2.80 
rticle egret een 1 ae ; 
ON Ol" TaBiE 7. Equilibrium moisture content at 20 C of various mate- * Values shown with accompanying standard errors are the 
S ma- rials used in the preparation of dispersion fluids for air-borne averages of 8 determinations; otherwise values are averages of 
organisms 3 determinations. 
See { Calculated from the response to relative humidity of the 
- Per Cent Water Content of Various Materials material in a 13-4 diameter droplet of broth. 
Relative Humidity siicnnsia atest 5 
Beef extract solids* Glycerolt Sodium chloridet 
o TABLE 9. The effect of relative humidity at 20 C on the average* 
20 1] 5 <1 apparent diameter, in microns, of washed cells dispersed from 
25 12 7 <1 ; various aqueous media 
40 18 14 <1 From 0.375% Glycerol From Deionized Water 
60 3 27 <1 ae ae ~ aaah oat 
75 1] 3 66 bcnnidity Determined, brain-heart fluid in samplers 
8O 16 50 70 Avg. Calculatedt Avg. S.E. 
90 62 79 84 = : 
95 75 82 92 
20 0.6 0.21 
* Experimentally determined by exposing weighed samples 25 0.6 0.16 
of beef-extract solids to specified humidities and holding until 40 2.2 2.14 
they had achieved a constant weight. 60 | 0.7 0.22 
+ Miner and Dalton (1953). 80 2.6 2.55 
t Calculated from vapor pressure reduction data, Handbook 90 | 0.5 0.24 
of Chemistry and Physics, (1954). = Poet a A ee Pe ee a ae ee ee 
* Values shown with the accompanying standard errors are 
the averages of 8 determinations; otherwise values are aver- 
terial to relative humidity as the basis of the calcula- ages of 3 determinations. 
tions. The observed particle sizes were determined by t pron erage — the i tse ho rekative hmmaciy of tap 
: : . ‘ : . : material in a 13-y diameter droplet. 
substituting in the Stokes equation data from dynamic > ’ 
runs and assuming unit density. Because unit density 
.—, | is assumed, the resultant values are referred to as Rosebury (1947) yielded only half as many viable 
“apparent diameters.’’ Only the data in the first column organisms as did the enriched sampling fluid. 
of table 8 are not in agreement with the calculated The uptake of gases other than water vapor by bacterial 
ic run; 


sizes; in this case the use ot plain gelatin fluid as used by 


aerosols. As a further study of the nature and composi- 
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TaBLeE 10. The effect of relative humidity and chemical vapors in 
the aerosol chamber at 20 C upon bacterial aerosols dispersed 
from 0.3 per cent beef extract broth 


Air Saturated with Propylene Air Saturated with 


Glyco 2-Ethylhexanediol-1, 3+ 
Relative —_ — 
Humidity Net & | Apparent Net k Apparent 
Total k due to particle Total k due to particle 
death diameter death diameter 
% Mw 
45 0.32 0.31 3.1 0.17 0.16 2.6 
55 0.28 0.25 7.9 0.21 0.20 2.8 
85 0.22 0.16 9.4 0.40 0.39 4.1 


* Propylene glycol is hygroscopic, having an increasing af- 
finity for water vapor as the relative humidity increases, equi- 
librating at approximately 18, 24 and 57 per cent water at 45, 
55 and 85 per cent relative humidity, respectively. The vapor 
pressure of propylene glycol at 20 C is approximately 0.08 mm 
Hg; saturation concentration in dry air, 9.5 mg per ft?. 

+ 2-Ethylhexanediol-1,3, although having a chemical struc- 
ture similar to that of propylene glycol, is not hygroscopic, 
and has a limited water solubility; vapor pressure at 20 C is 
approximately 0.01 mm Hg, and saturation concentration in 
dry air, 2.5 mg per ft’. 


tion of these aerosols, gases other than water vapor were 
added to the air of the chamber. Two compounds of 
similar chemical structure were selected: propylene 
glycol, which is hygroscopic, and 2-ethylhexanediol-1 ,3, 
which is nonhygroscopic; both compounds have low 
vapor pressure at 20 C. The experimentally determined 
death rates and particle sizes are shown in table 10. 
The data in this table illustrate the differences in the 
responses of the air-borne particles to these two types of 
compounds. 

In the presence of the hygroscopic compound the 
particle size increases rapidly with increasing relative 
humidity. This rapid increase is due to the increased 
amount of water taken up by the beef extract solids 
(thereby increasing the solubility of the glycol in the 
particle) as well as to the hygroscopic nature of the 
propylene glycol. It should be noted that the final 
concentration is determined by the humectant char- 
acteristics of the hygroscopic compound (Kethley et al., 
1956). In contrast, in the presence of the nonhygroscepic 
compound, there is only a slight increase in particle 
size with increasing relative humidity. The compound is 
only partially soluble in water, and the presence of 
dissolved solids diminishes the saturation concentration 
achieved when compared with the concentration 
achieved in pure water. The observed death rates in 
the presence of 2-ethylhexanediol-1,3, are consistent 
with the concept of increasing solubility of the com- 
pound in the particle as the amount of water held by 
the beef extract solids is increased. 


DISCUSSION 


The data herein presented on the nature and com- 
position of the experimental bacterial aerosols studied 
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show a high degree of validity. The general agreement 
between experimentally and calculated 
particle sizes indicates sampling effectiveness approach. 
ing the ideal. The uniformity of distribution of particles 
within the chamber, the reproducibility of data ob. 
tained from samples within the chamber, and the con. 
sistency of the results all indicate that considerable 
confidence can be attached to this information. 

The observed effect of relative humidity on the 
death rates of the air-borne bacteria dispersed from 
beef broth is not dissimilar from that reported by 
others (Dunklin and Puck, 1947). The fact that. the 
air-borne cells dispersed from pure water show the 
greatest death rate suggests that the air-borne state is 
intrinsically hostile to the survival of the bacteria, 
Certainly the fact that neither strong salt solutions 
nor high concentration of glycerol caused a greater 
death rate indicates that dehydration is not the sole| 
rause of the death of air-borne bacteria. 


observed 





The differences among the observed sizes of. air- 
borne washed cells and the sizes of cells directly from 
the cultures (tables 5 and 9) are probably due to the 
inherent errors involved in measuring these particles. 
The settled air-borne cells examined in the electron 
microscope appeared to have an equivalent diameter 
of about 0.9 uw; measured by settling rates in the 
chamber they exhibited an apparent diameter of ap. 
proximately 0.6 uw. The specimens were prepared for the' 
electron microscope by floating on water, then trans-| 
ferring to a screen. This process may have swollen the! 
cells, and the subsequent evacuation in the electron mi- 
croscope might have flattened them out, giving rise to 
erroneously large measurements. The larger size indi- 
cated by optical measurement of cells from the cultures 
suggests that the air-borne cells dispersed from pure 





water are actually smaller, having lost some water in 
the air-borne state, although the difference might be 
due to the selection of smaller cells during the process 
of washing, atomizing, and classifying. It should be 
noted that there is no real difference in any of the size} 
values shown for the washed cells dispersed from pute| 
water. The observed standard errors were appreciably | 
larger than those obtained for any of the other averages. | 

The results of Orr and Gordon (1956) on the size of | 
individual cells indicated a slight but definite decrease} 
in size with decreasing relative humidity. Their meth- 
ods were much more accurate than ours, although they 
did not indicate positively whether the cells studied 
were viable or nonviable. If the data of Waldham and) 
Halvorson (1954) on the equilibrium moisture content| 
of vegetative cells are applied to viable organisms, 4 
larger change in size with changing relative humidity’ 
would be expected for the washed cells dispersed from 
water. However, personal communication with these 
authors suggested the possibility that the cells studied 
by them contained a high per cent of nonviable organ 
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isms. This seems most likely because of the similarity of 
their data to those obtained from beef extract solids 
(table 7). 

The results presented on particle size show quantita- 
tively the nature and composition of the air-borne 
bacterial particles studied. The sequence of events in 
the formation of a particle of a bacterial aerosol under 
the conditions described in this paper must be as 
follows: A droplet of dispersion fluid approximately 
13 w in diameter, containing probably a single bacte- 
rium, is sheared off the tip of the atomizer by the action 
of the air stream of the atomizer. This droplet begins 
to lose water immediately, even though the atmos- 
phere into which it is projected is essentially saturated 
with water vapor. The direction and rate of motion of 
material either towards or away from the droplet (or 
its residue) are governed by the relationship suggested 
by Langmuir (1918), and later by Houghton (1933) 
for the evaporation of small spheres. 

These relations indicate that when the vapor pressure 
of water at the surface of the particle is greater than 
that of water in the atmosphere, the direction of motion 
of material will be away from the droplet. The rate of 
motion will be determined by the particle size, the 
nature and concentration of the dissolved substances, 
specific surface effects, and the diffusion coefficient of 
the evaporating material. For the complete evaporation 
of the water in a 13-y diameter droplet in air at 99 per 
cent relative humidity, a maximum time of 5.7 sec 
would be required. The evaporation of water from the 
droplet formed from the dispersion media containing 
erystalloids (note Leavitt and Kaye, 1956, for experi- 
mental verification) or liquids of low vapor pressure 
will follow the same course as indicated above, evapora- 
tion progressing until the pressure at the surface of the 
particle is equal to that existing in the air. 

When the bacterial aerosol is transferred from the 
prechamber to a condition of lower relative humidity, 
evaporation again occurs until a balance between parti- 
cle and aerial pressures is restored. It is estimated that 
this balance will be approached in from 0.1 to 0.01 see, 
depending upon the relative humidity; the lower the 
relative humidity the more rapid the evaporation. The 
resulting particles will consist of organisms (single or 
multiple) surrounded by relatively thick layers of non- 
living materials, even though the dispersion medium 
from which the particle originated contained a very 
small per cent of dissolved material, the evaporation of 
the water of the dispersion medium causing a great 
concentration of the dissolved solids. Organisms dis- 
persed from pure water would not be expected to be 
thus covered with nonliving material; much work re- 
mains to be done before the exact state of these or- 
ganisms is understood. For the present, it must be 
assumed that an impervious ‘“‘skin” exists at the surface 
of these organisms; otherwise it is extremely difficult 
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to understand their ability to survive at all under such 
conditions. 

Naturally occurring air-borne microorganisms would 
be expected to be surrounded with nonliving materials 
because of their probable origins. The term ‘immediate 
environment” was suggested earlier (Kethley et al., 
1956) to describe this layer of nonliving material. The 
atmosphere can affect the organism only through 
changes effected in this material. Puck (1947) sug- 
gested on the basis of Raoult’s law for partial pressures 
that when the particle is placed in an atmosphere con- 
taining vapors which are completely miscible with 
water, condensation and solution will occur. Considera- 
tion of Houghton’s equation suggests that for those 
compounds having vapor pressures much lower than 
that of water, and possessing even limited solubility 
in water, a negligible change in vapor pressure is caused 
at the surface of the particle by the process of condensa- 
tion and solution, and condensation will continue on the 
particle as long as solution in the material of the particle 
can occur. The data presented herein on the growth of 
the particles of bacterial aerosols in the presence of the 
vapors of hygroscopic and nonhygroscopic materials 
having low vapor pressure constitute real proof of 
sarlier conjectures on the condensation of vapors on 
air-borne bacterial particles, and verify the previous 
statements that the actual environment of the air- 
borne bacterium is not the atmosphere but is made up 
of the nonliving materials covering it. The concentra- 
tion of various materials which will be achieved in the 
air-borne particle will depend upon the vapor pressure 
relationships and the nature and composition of the 
bacterial particle, and will not necessarily be a result 
only of the concentration of the vapor in the air. 

These observations suggest that a complete under- 
standing of the nature and composition of the particles 
of bacterial aerosols being studied is essential to an 
understanding of the factors which determine the life 
or death of such organisms, whether such studies are 
made to determine the effect of temperature and rela- 
tive humidity or whether they are concerned with the 
possible effectiveness of aerial disinfectants. The quanti- 
tative information presented herein represents a con- 
tribution to this understanding. It is felt that the gen- 
eral conclusions are applicable to all types of bacterial 
aerosols, whether naturally occurring or prepared in 
the laboratory. These conclusions are in no manner in- 
consistent with those of previous workers who have 
given serious consideration to the nature of the air- 
borne bacterial particles. The presentation of additional 
quantitative data describing these particles more 
exactly has made possible a more firm statement of the 
conclusions. 
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SUMMARY 


A chamber suitable for the study of the nature of 
bacterial aerosols is described, and supporting data 
presented to justify the use of the chamber for this 
purpose. Results of studies on bacterial aerosols dis- 
persed from pure water, glycerol-water, beef extract 
broth, and beef extract broth with added sodium 
chloride show that the character of the bacterial aerosols 
is determined by the composition of the dispersion 
medium. Cells dispersed from pure water form particles 
essentially devoid of nonliving materials. In all other 
instances, the particles are almost entirely made up of 
the residual material from the dispersion medium, the 
cell being a negligible part of the particle. Observed and 
-alculated particle sizes were found to be in good agree- 
ment when the calculations were made on the basis of 
the volume of the original atomized droplet, the con- 
centration of solids or low vapor pressure liquids in the 
dispersion media, and their responses to relative humid- 
ity. 

Studies on the uptake of vapors from the atmosphere 
by bacterial particles dispersed from beef extract broth 
show that this phenomenon is governed not only by 
the vapor concentration in the air, but also by the 
physical characteristics of the nonliving material in the 
particle. It is suggested that a complete understanding 
of the nature and composition of bacterial aerosols 
is essential to an understanding of the factors which 
determine the life or death of air-borne microorganisms. 
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Although fundamental problems relating to phage 
multiplication have been attacked with various genetic, 
biochemical, and morphologic methods, important 
questions still remain to be solved especially concerning 
gene and chromosome replications and DNA syn- 
thesis in phages. 

Recently phages which attack species of Strepto- 
myces have become the subject of study by many 
workers because of the industrial utilization of acti- 
nomycetes in the production of antibiotics. After 
Bennett’s (1946) discovery of the practical significance 
of the actinophage attacking Streptomyces griseus, the 
interest of many authors was roused and a number of 
investigations were published by Woodruff et al. (1947); 
Terada (1955); Mabuchi (1951); Van Alstyne et al, 
(1955) and others. 

By use of the electron microscope much information 
has been obtained on the size and shape of the actino- 
phage affecting strains of Streptomyces in vitro. Little, 
however, is known of the appearance and distribution 
of virus in the living cells of the host. Therefore, the 
author has attempted to observe the lytic changes and 
alterations of intracellular structures in Streptomyces 
griseus after infection by the phage. 


MATERIALS AND METHODS 

The experimental materials were actinophage strains 
S-1 and Streptomyces griseus strain MA-14_ 

The methods used in the following experiments re- 
sembled in a general way those used by other investi- 
gators (Woodruff et al., 1947; Koerber et al., 1950; 
Perlman et al., 1951). 

The experiment consisted of two parts. One dealt with 
the mycelia of Streptomyces griseus infected by the 
phage, and the other with its spores treated in the same 
way. The mycelia used in the experiment were grown 
in broth containing 1.0 per cent glucose. The cultures 
were developed in the medium under submerged condi- 
tion for 18 hr at 25 C. The spores used in this experi- 
ment were obtained from a 6-day slant culture planted 


‘Contributions from the National Institute of Genetics, 
Misima, Sizuoka-Ken, Japan, No. 176. 

*The S-1 actinophage and S. griseus strain MA-14 were 
kindly supplied in 1955 by H. B. Woodruff from the culture 
collection of Merck & Co., Ine. 


on potato-glucose agar medium. The spores were sus- 
pended in glucose supplemented broth prior to infection 
with the phage. Propagation of phage was carried on 
until the plaque counts reached 1 X 10% particles per ml. 

For the electron microscopic observation, the S-1 
strain of actinophage was added to the broth culture 
of host mycelia on the one hand, and host spore suspen- 
sion in broth on the other. After the ‘eclipse period”’ of 
slow shaking at 27 C during which the suspension be- 
came clear, the lysed mycelia as well as spores were 
washed with saline, and after resuspending them in dis- 
tilled water they were centrifuged. The materials were 
then fixed with osmium vapor, and they were placed 
one by one on the electron microscope copper grids 
previously coated with an extremely thin film of col- 
lodion and allowed to dry in air at room temperature. 
The specimen grids on lysed mycelia were shadowed 
with chromium for examination under the electron 
microscope. 

The shadowing technique was not used in the 
preparation of phage-infected spores for observation 
since it proved unsuitable for study of intracellular 
structures in the infected spores. 


RESULTS 


The 8-1 phage has a uniform tadpole shape. Its head 
is an ellipsoid, measuring about 60 by 70 my in diame- 
ter; it is almost as large as the head of To, Ts, and 
Ts; Escherichia coli phages. The tail is about 150 mu long 
and about 10 my wide, as shown in the figures. 

The first half of the latent period of phage infection 
is known as the “eclipse period” or “dark period.’”’ In 
the eclipse period, the Streptomyces mycelium infected 
with phage shows no internal structure when observed 
by electron microscope. After the multiplication period 
the mature phage and cytoplasmic substances are 
emitted vigorously from the edge of the host cells as 
shown in figure 1. This is followed by lysis of the host 
cells, a process which begins at one end of the host 
cell and continues to the other end, taking place gradu- 
ally along the transverse axis of the host cell as shown 
in figure 2. Figures 1 and 2 show a phage 8-1 infected 
mycelial cell in the process of disintegration. Large 
nuinbers of intracellular phage particles appear to be 
escaping from the host cells. Both electron micrographs 
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Fic. 1 (top). Mature phage liberated from the edge of the host mycelium cell. (Chromium-shadowed.) 


Fic. 2 (bottom). Host mycelium cell showing lysis starting from one end (right) and continuing to the other end (left). (Chro- 
mium-shadowed.) 


show that one side of the cells is still filled with cyto- 
plasm (left), while on the other side (right) the cell 
materials appear disintegrated. 

The nucleus of the host cell shows a filamentous 
structure when the multiplication period of phage is 
completed, as can be seen from figure 3. 


In the present study the changes of intracellular 
structures which take place in the host spores after in- 
fection by phage were observed. This was done without 
shadowing technique, as mentioned above. 

The cytoplasm of a spore infected by phage has a very 
coarse texture, especially in the later period of phage | 
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Fic. 3 (top). The nucleus of the mycelium shows a filamentous structure when the multiplication period of phage is completed. 


Chro- ; 
(Chromium-shadowed 
Fig. 4 (bottom). Spore infected with phage in process of disintegration. Numerous newly formed phages can be observed. (Non- 
shadowed.) 
llular 
er il" multiplication. This appearance of the infected spores plasmic areas are shrunken and some intracellular de- 
thout isin sharp contrast to that of a normal cell which shows tails can be seen in the infected cell at the beginning 
no internal structure under the electron microscope. stage of lysis (figure 4). 
very! The inner structure of a spore, before infection, appears Figures 5 (shadowed with chromium) and 6 (non- 
phage dark under the electron microscope. The dark cyto- shadowed) represent spores infected with phage in 
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Fig. 5 (top). Large numbers of mature phage particles appear to be escaping from the host spore. (Chromium-shadowed.) 
Fic. 6 (bottom). Numerous phages are emitted around the host spore, and mature phages can also be observed inside the de- 
stroyed cell body. The head of the phage contains two granules. (Nonshadowed.) 


process of disintegration. It can be observed in figures 
4, 5, and 6 that a large number of intracellular phages 
appear to be escaping from the spore cells. In the head 
of the phage, two elongate granules lying side by side 
may be seen which give it the appearance of a coffee- 
bean, as shown in figures 4 and 6. 


DIscussION 
On the basis of electron microscope observations, it 
has been shown in this study that quite different lytic 
changes occur in the mycelial cells of Streptomyces from 
with their 


those found in many bacteria infected 
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virulent bacteriophage. In the case of Streptomyces, 
after the multiplication period, mature phage particles 
are emitted vigorously from the edge of the host my- 
celium and then the host cells are lysed starting from 
one end and proceeding to the other end. It has been 
observed also that one side of the cell was still filled 
with cytoplasm, while on the other side, only disinte- 
grated cell materials remained (figures 1, 2, and 3). 
On the other hand, the phage multiplies on mycelia of 
various ages in submerged cultures of S. griseus. Re- 
gardless of the conditions, the lysis of host cells is 
usually not complete. According to observations made 
with the electron microscope on phage lysis in sub- 
merged culture, it may be assumed that phage multi- 
plication in Streptomyces can proceed only in the 
younger portion of the mycelium or in cultures of 
younger age. 

It has been observed that many rod-shaped particles 
approximately 30 my wide and 100 my long appear to 
be escaping from the host cells mixed with mature 
phage. It is supposed that the rod-shaped particles have 
some connection with phage development, although 
there is no evidence at the present time of such a rela- 
tion. In this respect, further studies are required. 

The internal fine structure of the phage head which 
can be observed at very high magnification is believed 
to have contributed to the coffee-bean appearance. 
This structure has been observed by Mudd et al. (1953), 
Terada (1955) and others. At the present time, there is 
no evidence for relating the visible inner finer structure 
with genetic determiners, supposedly present in the 
head of phage. 
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SUMMARY 


The investigation, carried out with an 
electron microscope, is concerned with the multiplica- 
tion of the actinophage affecting Streptomyces griseus. 
The S-i phage strain infecting the MA-14 strain of 
Streptomyces griseus Was used. 

The S-1 phage has a uniform tadpole shape. Its head 


present 
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is an ellipsoid nearly as large as the head of T. , T, , and 
Ts Escherichia coli phages. The head of the phage has 
an internal structure consisting of two elongate granules 
lying side by side, which give it the shape of a coffee- 
bean. 

It was shown that after the multiplication period 
mature phage particles were vigorously emitted from 
the edge of the host mycelium, and then the host cells 
were lysed proceeding from one side to the other. 

The cytoplasm of a spore infected by phage presents 
a very coarse texture especially in the later period of 
multiplication. 
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Bacterial mass, as defined for this report, represents 
the total amount of bacterial protoplasm in a suspension 
of a culture. This definition is similar to the one used 
by Monod (1949) for the term ‘“‘bacterial density.”’ 
Estimation of bacterial mass can be used as an index of 
growth if the latter term is defined as an increase in the 
amount of bacterial protoplasm (Lamanna and Mallette, 
1953). 

Several methods are available for measuring bacterial 
mass. According to Monod (1949), the basic method is 
the direct estimation of dry weights of cells. However, 
since this procedure lacks accuracy unless large amounts 
of cells are used, various indirect measures have been 
employed. The most widely used indirect chemical 
procedure is the determination of total cell nitrogen, 
which has been found to correlate well with both the 
mass and multiplication of bacteria. Turbidity measure- 
ments are another indirect method used to estimate 
bacterial mass. These procedures are suitable for the 
majority of microorganisms, but in some instances 
physical or chemical factors inherent in the bacterial cell 
preclude the use of the methods. For instance Bacillus 
anthracis possesses a capsule containing nitrogen and 
also grows in chains; thus it is not possible to estimate 
the bacterial mass, exclusive of the capsule, of B. 
anthracis by weight, nitrogen or turbidity. In an en- 
deavor to circumvent the difficulties encountered when 
attempting to measure bacterial mass in an organism 
such as B. anthracis, we have tried another procedure. 

The selection of phosphorus determinations as a 
method to estimate bacterial mass was dictated by two 
criteria. First, the substance used for the procedure 
must be a universal protoplasmic constituent which 
would remain under standardized growth 
conditions. Second, the substance should be easy to 
estimate. Phosphorus determinations fulfilled both these 
criteria. 


constant 


To evaluate the validity of phosphorus determina- 
tions as a measure of bacterial mass, the phosphorus 
content of microorganisms has been compared to the 
nitrogen content and turbidity measurements. Also the 
phosphorus content has been correlated with viable 
cell counts to determine if phosphorus can be used to 
estimate cell multiplication in addition to cell mass. 


1 Present address: Department of Biology, University of 
Houston, Houston, Texas. 


The comparative studies have been carried out on both 
gram negative and gram positive species. The results, 
as presented below, indicate that a positive correlation 
exists between the four determinations. 


MATERIALS AND MeETHODS 





Stock laboratory strains of Escherichia coli and | 
Micrococcus pyogenes var. aureus were grown on beef 
extract agar (Difco) slants for 18 hr at 37 C. After | 
incubation the cells were suspended in 3 ml of 0.9 per 
cent saline, and the suspension used to inoculate the | 
surface of a Kxolle flask containing beef extract agar, 
The flask cultures were incubated at 37 C for 18 hr, 
The organisms were washed off the agar surface with 
distilled water and centrifuged. The centrifugation in 
distilled water was repeated three times to wash. the | 
cells. After the final washing the sedimented organisms 
were suspended in distilled water so that there were | 
10 to 15 mg dry weight of cells per ml. Comparative 
determinations were carried out on equal aliquots of the 
final cell suspension. Usually these aliquots were 4 
series of 0.2-, 0.5-, 0.8-, and 1.0-ml quantities, and in 
all cases aliquots containing equal amounts of cell 





suspension were used for all of the various determina: | 
tions. All determinations were done at least in duplicate | 
and the values reported are the average of the replicates. | 
Total phosphorus determinations were carried out 

using a modification of the method described by Um- 

breit et al. (1949). Aliquots of the cell suspension were 
placed in Klett-Summerson colorimeter tubes and 

digested with 0.4 ml of 10 N H.SO, for 3 hr in an oven 

at 150 C. The tubes were partially cooled and 1 to 2 
drops of 30 per cent HO. added. The tubes were re- 
placed in the oven until all bubbling had stopped. | 
At this point the material in the tubes must be clear or 
the H.O, treatment must be repeated. The tubes again! 
were partially cooled and 1.0 ml of distilled water was 
added to the clear material. The sample was heated for! 
10 min at 100 C, then cooled. The amount of phosphorus ; 
in the sample was determined by the ammonium[ 
molybdate, colorimetric method of Fiske and SubbaRow; 
(1925) without the further addition of H.SO,. After! 
adding the reagents, the tubes were diluted to 10 ml 

with distilled water, and set aside for 20 min. Colorime-_ 
ter readings were carried out using a Klett-Summersot/ 
colorimeter with a 660 mu filter. From the colorimetel) 
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readings the amount of phosphorus in the sample was 
determined using a standard curve. The standard 
phosphorus curve was prepared according to the method 
outlined in the manual supplied with the Klett-Summer- 
son colorimeter. A blank tube was measured with each 
set of determinations. The blank was prepared by 
using all the proper reagents, but omitting the cell 
suspension. The colorimeter value of the blank was 
subtracted from the values of the samples to obtain the 
final phosphorus estimation. The greatest source of 
blank phosphorus was found to be the H2Oz. 

To prepare acid insoluble cell fractions, another 
series of aliquots of the cell suspensions was precipitated 
with 10 per cent trichloracetiec acid. The phosphorus 
content of the precipitate was measured by the Fiske 
and SubbaRow method (1925). Total nucleoprotein 
phosphorus fractions were prepared by extracting 
aliquots of the suspensions according to the procedure 
of Schmidt and Thannhauser (1945), and again meas- 
uring the phosphorus content by the method of Fiske 
and SubbaRow (1925). 

Total nitrogen was determined as ammonium ni- 
trogen by the micro-lXjeldahl procedure of Miller and 
Houghton (1945). For turbidity measurements, re- 
ported in optical density units, a Klett-Summerson 
colorimeter equipped with a 420-mzy filter was employed. 
Viable counts were carried out by the standard plate 
count method using beef extract agar. In order to 
obtain the maximum viable cell count, the replicate 
plates, incubated at 37 C, were counted at 24 hr and 
again at 48 hr. 

RESULTS 

Phosphorus exists in cells in many different forms 
and determinations can be made on several of the 
separated fractions. Three of the easily separated 
fractions are total phosphorus, acid insoluble phos- 
phorus, and nucleoprotein phosphorus. Since any one 
of these three fractions may be used as an indication of 
bacterial mass, experiments were run to determine 
which fraction is the best to use. Figure 1 shows the 
curves resulting when the phosphorus content of these 
three fractions in EF. coli is plotted against viable count. 
The steeper slope of the total phosphorus curve demon- 
strates that in this fraction there is a greater difference 
between the phosphorus content of small numbers of 
cells as compared to large numbers of cells than exists 
between either the acid insoluble or nucleoprotein 
phosphorus fractions, which have flatter curves. In 
addition, the total phosphorus values do not fall off as 
sharply with greater numbers of cells as do the other 
two values. Because of these facts, the total phosphorus 
content of cells was chosen as the best of the three 
fractions to use for measuring bacterial mass. 

Figure 2 presents the results obtained by measuring 
the total phosphorus, viable count, total nitrogen, and 
turbidity of a series of equal aliquots of FE. coli sus- 
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Fic. 1. Phosphorus content of fractions of Escherichia coli 
plotted against viable count. —@— = total phosphorus; 
—O— = acid insoluble phosphorus; —A— = nucleoprotein 
phosphorus. 
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plotted against total nitrogen content, viable count, and 
turbidity (read as optical density). —O— = viable count; 
—@— = nitrogen; —A— = optical density. 


pensions. Plotting either of the two accepted methods 
for determining bacterial mass against total phosphorus 
yields a straight line relationship, demonstrating that 
the total phosphorus content increases with increasing 
amounts of cell suspensions just as does the total 
nitrogen content or turbidity. This fact shows that 
total phosphorus is also a reliable index of bacterial 
mass. The straight line relationship existing be- 
tween the total phosphorus content and the viable 
count indicates that the former procedure can be used 
as a measure of bacterial multiplication. The points 
used to plot the viable count curve represent determi- 
nations carried out on three different samples at differ- 
ent times. The close approximation of all the points to 
the curve demonstrates that the relationship between 
total phosphorus and viable cell numbers is reproducible. 
The positive correlation between total phosphorus 
and total nitrogen, turbidity, and viable count also 
exists in gram positive species. Figure 3 shows the 
results obtained with 1/7. pyogenes var. aureus. Again a 
straight line relationship is evident between the four 
measurements indicating that as the bacterial mass or 
numbers increase, the total phosphorus content in- 
creases as well as the other three measurements. 
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Fig. 3. Total phosphorus content of Micrococcus pyogenes 
var. aureus plotted against total nitrogen content, viable 


count, and turbidity (read as optical density). —O— = viable 
count; —@— = nitrogen; —A— = optical density. 


Similar measurements on two other bacterial species, 
Pseudomonas aeruginosa and Bacillus subtilis, reveal 
that the same relationship exists between total phos- 
phorus and total nitrogen, turbidity, and viable count 
determinations. As the mass or number of bacterial 
cells increases, the total phosphorus content of the 
suspension increases, and, if the values are plotted, as 
in figures 2 and 3, the result is a straight line. In addi- 
tion, the total phosphorus method has been utilized to 
determine the bacterial mass of vegetative cells and 
spores of several strains of B. anthracis and Bacillus 
cereus (Bennett and Williams, 1955). Some of the vege- 
tative strains examined possessed heavy capsules, 
others grew in long chains, thus neither nitrogen deter- 
minations, turbidity, nor viable counts could be em- 
ployed as a basis for comparative estimation of the 
bacterial mass of the organisms. The results indicated 
that total phosphorus determinations were a reliable 
measure for comparing the bacterial mass of the various 
strains. 

To evaluate the precision of the total phosphorus 
method, several individual determinations have been 
performed on the same bacterial suspension of FE. colt. 
The mean total phosphorus content of nine independent 
determinations carried out on the suspension was 10.35 
ug. The standard deviation from the mean of the nine 
calculations was 0.18 ug, whereas the standard error of 
the mean was 0.06 wg. Another series of nine determina- 
tions was carried out on the same bacterial suspension 
diluted to one-half its original volume. The mean total 
phosphorus content of the suspension in this case was 
5.46 ug, and the standard deviation and standard error 
were 0.27 wg and 0.09 ug, respectively. These results 
indicated that the total phosphorus method was precise. 

WISCUSSION 

It is to be noted that any method used to measure 
bacterial mass is relative to the conditions under which 
the organisms are grown. If the culture medium is 
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changed, the nitrogen content, turbidity or phosphorus 
content of the cells will change. Thus if comparable 
results are to be obtained, the experimental conditions 
of growth must be standardized. The results demon- 
strate that under standardized conditions of growth 
the total phosphorus content of bacterial cells is 
reliable index of their mass. However, just as the 
presence of nitrogen in the capsule of B. anthracis 
precludes the use of nitrogen determinations to estimate 
bacterial mass in that organism, so would the presence 
of phosphorus in some extracellular constituent of a 
bacterium eliminate total phosphorus measurements as 
an index of its bacterial mass. 

Total phosphorus determinations have some _ad- 
vantages over other chemical methods used for de- 
termining bacterial mass. It was found that bacterial 
cells contain a considerable amount of phosphorus. This | 
fact coupled with the sensitivity of the Fiske and Sub- 
baRow (1925) colorimetric method for determining 
phosphorus means that bacterial mass can be estimated 
from small amounts of cells if the total phosphorus 
procedure is employed. The method is simple to _per- 
form, and the analysis takes only 4 to 5 hr. In addition, 
since the entire procedure is conducted in a colorimeter 





tube and requires no special digestion equipment, many 
determinations can be carried out simultaneously. 


SUMMARY 


Results obtained with Escherichia coli and Micro- , 
coccus pyogenes var. aureus demonstrate that total 
phosphorus determinations are a reliable procedure for 
measuring bacterial mass when the microorganisms are 
grown under standardized conditions. The total phos- 
phorus content of the microorganisms has a_ positive 
correlation with total nitrogen determinations, turbidity, ; 
and viable counts. The phosphorus determinations are 
simple to perform and several may be carried out! 
simultaneously. 
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The carbon dioxide which evolves from soils in the 
absence of vegetation is almost entirely of microbial 
origin. The quantity produced is an indication of the 
microbial activity within the soil (Stoklasa and Ernest, 
1905; Waksman, 1952). 

Strip-mine spoils, like soil, have a microbial popu- 
lation even when they are not vegetated with leafy 
plants (Wilson and Stewart, 1955, 1956). The vegetated 
spoils contain larger numbers, and perhaps a wider 
variety, of microorganisms than nonvegetated spoils 
(Wilson and Stewart, 1956). 

Spoil is usually deficient in organic matter and 
available nitrogen, though it often contains adequate 
supplies of phosphorus and potassium. The hetero- 
trophic microorganisms of a spoil’s microbial population 
utilize any organic matter present or added as an 
energy source with the release of carbon dioxide. The 
nitrogen of the organic matter, in excess of the microbial 
requirements, is transformed to ammonia and sub- 
sequently nitrified to nitrate nitrogen. Other elements 
present in the organic matter, such as phosphorus and 
potassium, become mineralized. 

The purpose of this work was to determine the 
production of carbon dioxide, under laboratory con- 
ditions, by the microbial population of nonvegetated 
and vegetated strip-mine spoils after: (1) the addition 
of organic matter in the form of ground wheat straw, 
(2) the addition of Ca(OH), to adjust the pH to neutral- 
ity, and (3) the addition of nitrogen, phosphorus, and 
potassium. 


MATERIALS AND METHODS 


The three strip-mine spoils used in this study are 
designated as Canyon, Dixon, and Fairmont. All are 
located in northern West Virginia; the first two in 
Monongalia County and the other in Marion County. 
A part of each spoil area is vegetated and another part 
is without any vegetative cover. Nearby are unstripped 
soils essentially unmodified by the stripping operation. 

The vegetated portion of the Canyon spoil had been 
planted to forage grasses and legumes (Tyner and 
Smith, 1945; Tyner et al., 1948). Nothing is known 
concerning the histories of the Fairmont and Dixon 
spoils. The Fairmont spoil has apparently become 
naturally reseeded chiefly to deer-tongue (Panicum 

‘Published with the approval of the Director of the West 


Virginia Agricultural Experiment Station as Scientific Paper 
No. 540, 


TABLE 1. Some chemical characteristics of the Canyon, Fairmont 
and Dixon spoils 


Phos- | 
phorus 
(Available) 


Spoil pH ~~ Potassium 





pounds 


per acre ppm M.E./100 g 

Canyon 

Nonvegetated......... 3.00 3300 4 0.068 

Vegetatet:. << 66 fee... 3.85 2360 2 0.133 

Undisturbed:...........| 5245 6240 6 0.163 
Fairmont 

Nonvegetated.........| 3.80 3440 11 0.090 

WemetAted. «a c0scca es 4.20 1900 PA 0.089 

Undisturbed... ......... 4.70 1560 15 0.086 
Dixon 

Nonvegetated......... 2.85 2020 12 0.054 

fo) 4.10 1520 30 0.173 

Undisturbed..........| 4.75 2780 22 | «0.205 








clandestinum L.) and an unidentified bunchgrass, and 
the Dixon spoil mainly to Andropogon species. 

The nitrogen, phosphorus, and potassium content, as 
well as the pH of the spoils and adjacent undisturbed 
soils for the three areas are given in table 1. 

Bulk samples were obtained from each spoil area. 
Each bulk sample was composed of smaller samples 
taken to a depth of 0 to 5 in and sieved through 1¢-in 
hardware cloth to remove rocks and pieces of coal. 
All samples were then brought to the laboratory and 
stored at 5 C for 3 days until the water-holding capacity 
and the amounts of Ca(OH): necessary to adjust the 
spoil reaction to approximately pH 7.0 were deter- 
mined. 

Spoil and soil material (100-g portions, oven-dried 
basis) were put into 600-ml beakers. Any test materials 
to be used were then added and thoroughly mixed into 
the spoil and soil materials. Each 100-g portion was 
then transferred from its 600-ml beaker to 1-pint 
Mason jars, used as incubation chambers (figure 1). 
Sufficient water was added to bring the moisture content 
of the sample to 50 per cent of its water-holding capacity. 
A 50-ml beaker containing the n/10 Ba(OH)s, for carbon 
dioxide absorption, was placed in position and the 
incubation chamber closed tightly. Incubation was at 
25 C + 1 for 10 days. 

The support for the beaker containing Ba(OH): was 
a 1.5-in length of a plastic cylinder, both ends of which 
were closed with rubber stoppers. On one end of the 
cylinder a small dise of fiber board (poker chip) was 
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Fic. 1. Incubation chamber 


cemented to provide a platform to support the beaker 
of Ba(OH):. When transferring the treated sample 
from the 600-ml beaker to the incubation chamber, 
the lower end of the plastic cylinder was held firmly 
against the inside bottom of the jar and the sample 
added. The jar was shaken to level the material and 
then tapped gently a few times on the table to settle 
the material firmly around the cylinder. The jars were 
closed with two-piece metal lids. 

The carbon dioxide was absorbed in x/10 Ba(OH)> 
and at regular intervals (24 hr + 2) the Ba(OH)> was 
titrated with x/10 HCl using phenolphthalein as an 
indicator. At each titration period each incubation 
chamber was thoroughly aerated by rapidly drawing 
air into the jar for about 3 min. 

The following test materials were used. The amount 
of Ca(OH)» necessary to adjust the pH of the samples 
to a value between 6 and 7. Straw was added at the 
rate of 1 g per 100 g of spoil (oven-dried basis). Straw 
was chosen as the source of organic matter because 
its low nitrogen content would not mask the results 
obtained from treatments which also included added 
nitrogen. Nitrogen, phosphorus, and potassium were 
used at 20, 26.4, and 16.6 ppm, respectively. These 
values are equivalent to 1000 lbs per acre of a 4-124 
fertilizer. This rate of fertilization is double that used by 
Tyner and Smith (1945) in field work on the Canyon 
spoil area. 

All possible combinations of Ca(OH)», straw, nitro- 
gen, phosphorus, and potassium were used with the 
samples from the Canyon spoil area but only the 
with Ca(OH)s, and 
nitrogen-phosphorus-potassium, as a complete fertilizer, 
were used with the spoil samples from the Fairmont and 
Dixon areas. All treatments were made in duplicate. 
All data were evaluated by analysis of variance pro- 
cedures to obtain L.S.D. values based upon the total 
carbon dioxide produced by duplicate samples (Pater- 
son, 1939). 

All pH determinations were made electrometrically 


combinations _ possible straw, 


A. WILSON AND H. G. HEDRICK 


IVOL. 5 


on a | to 1.5 spoil to water ratio, after the spoil and 
water mixture had stood for 1 hr with frequent shakings, 

The samples from the nonvegetated part of the spoil 
area will be designated as ‘‘nonvegetated”; from the 
vegetated part as “vegetated”; and the soil as “un- 
disturbed.” To eliminate a certain amount of repetition, 
the term “spoil”? often will include the soil sample, 


LESULTS 
Canyon Spoil 


The amounts of carbon dioxide produced from the 
Canyon area spoil samples treated with various ma- 
terials are given in table 2. 

Nonvegetated spoil. The evolution of carbon dioxide 
from the nonvegetated spoil which received neither 
Ca(OH)». nor straw was nearly the same as that from 
those samples which received phosphorus and_ po- 
tassium, singly or in combination. Those samples which 
received nitrogen, either alone or in all combinations 
with phosphorus and potassium, produced significantly 
more carbon dioxide than those without nitrogen. The 
same was true with the samples containing straw or 
Ca(OH): or both. 

Vegetated spoil. Here also those samples which had 
received nitrogen produced significantly more carbon 
dioxide than those which did not receive nitrogen. It 
should be noted, however, that the amount of carbon 
dioxide produced by samples receiving both straw and 
Ca(OH), unlike those of the nonvegetated spoil, was 
not significantly greater than that produced by similar 
samples receiving only straw. 

In most instances the production of carbon dioxide 
from a given treatment in the vegetated spoil is greater, 
though not necessarily significantly greater, than that 
of the corresponding nonvegetated spoil. Some ex- 
ceptions to this, however, are found. 





Undisturbed soil. In this material the addition of 
nitrogen in any combination with other materials | 
resulted in an increase of carbon dioxide evolution over | 
similar spoil materials without added nitrogen. The 
addition of phosphorus or potassium, singly or together, | 
to the soil samples failed to influence greatly the carbon | 
dioxide production. : 

Grand totals. The total amount of carbon dioxide | 


ote 


produced from the nonvegetated and vegetated spoils 
and undisturbed soil, by all treatments, during the 10- 
day incubation period is shown in table 2. The total | 
amount of carbon dioxide produced from the non-| 
vegetated spoil samples is significantly less than that] 
from the vegetated spoil samples. Both totals are} 
significantly smaller than the total produced from all F 


° ° . é 
the treated undisturbed soil material. t 


oes 


The production of carbon dioxide from the spoil 


samples of both the Fairmont and Dixon areas, with? 
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TaBLE 2. Carbon dioxide produced by Canyon strip mine spoil treated with all combinations of Ca(OH)>2; straw; and nitrogen, 
phosphorus, and potassium* 
: Nonvegetated Vegetated Undisturbed 
Treatment No Ca(OH Ca(OH )2 ; No Ca(OH): ; Ca(OH): ‘ No Ca(OH )2 : . Ca(OH): 
No straw| Straw |No straw| Straw |No straw| Straw (No straw} Straw No straw| Sean No straw| Straw 
mg COz per duplicate 100 g of spoilt 
PR es ot Gk ce Cate esd Gar olele 129 144 135 175 139 154 146 154 436 487 453 545 
Nitrogen$. 197 267 217 319 234 370 254 339 687 933 793 996 
Phosphorus§. . 124 136 143 211 138 158 140 163 434 492 465 606 
Potassium§. . . 119 136 148 223 152 163 150 163 447 503 480 586 
Nitrogen + phosphorus 233 265 225 336 230 356 275 356 722 967 809 | 1064 
Nitrogen + potassium 207 289 206 335 235 364 251 372 710 981 733 1094 
Phosphorus + potassium : 135 145 140 218 154 175 153 155 453 509 474 593 
Nitrogen + phosphorus potassium 214 265 214 383 239 376 242 379 766 981 746 1187 
(SEIS ISGSS Us las Im ae iy ge ee eo PP 6633 7329 8170 





* Incubation at 25 C + 1 for 10 days. 
t Ca(OH)2 for pH adjustment; straw, 1 per cent. 


t Total mg CO, produced by duplicate 100 g portions of spoil samples (oven-dried basis). 


§ Equivalent to 1000 lbs per acre of a 4-12-4 fertilizer. 
L.S.D. between grand totals: 5 per cent 
per cent 46. 


299; 1 per cent 


TaB.eE 3. T'olal milligrams of carbon dioxide produced by dupli- 
cate 100-g portions (oven-dried basis) of Fairmont strip 
mine spoil in 10 days 


(Incubation at 25 C + 1) 


Treatment Non- Vegetated Undisturbed 
vegetated 


Control . 149 130 224 
‘NPK* 175 146 225 
Straw 168 151 208 
Ca(OH) st 172 154 205 
NPK + straw 183 175 226 
NPK + Ca(OH), 194 159 205 
Straw + Ca(OH), 179 144 220 
NPK + straw + Ca(OH 207 161 241 
L.S.D. 5% 23 16 nace 

Carbon dioxide produced from 
all treatments: Total 1427 1220 1745 


* NPK 
4-12-4 fertilizer at the rate of 1000 lbs per acre. 
+ Ca(OH). was added to adjust the pH of the spoil. 


t ns. 


not statistically significant. 


L.S.D. between totals: 5 per cent 111; 1 per cent 204. 


and without various additions, is presented in tables 3 
and 4, 


Fairmont Spoil 


The amount of carbon dioxide produced by the un- 
treated Fairmont nonvegetated spoil samples was 
significantly less than that produced by any of the 
treated samples, except those which received straw 
alone. The sample receiving straw alone produced 
significantly less carbon dioxide than those samples 
Which had received Ca(OH). and the complete ferti- 


nitrogen-phosphorus-potassium equivalent to a 


549. L.S.D. between items in rows and columns: 5 per cent = 35; 1 


TaBLeE 4. Total milligrams of carbon dioxide produced by dupli- 
cate 100 g portions (oven-dried basis) of Dixon strip mine 
spoil in 10 days 
(Incubation at 25 C + 1) 





Non- 


Treatment vexetated Vegetated | Undisturbed 
Control.... 166 169 193 
NPK*. 160 178 196 
Straw. 196 187 236 
Ca(OH) st 155 188 227 
NPK + straw 220 206 251 
NPK + Ca(OH), 155 187 219 
Straw + Ca(OH), 213 227 253 
NPK + straw + Ca(OH), 336 244 247 
L.S.D. 5%. . 15 39 n.s.f 
Carbon dioxide produced from | 
1501 1586 1822 
' 


all treatments: Total.. 


*NEK nitrogen-phosphorus-potassium equivalent to a 
4-]2-4 fertilizer at the rate of 1000 lbs per acre. 

+ Ca(OH): was added to adjust the pH of the spoil. 

tn.s. = not statistically significant. 
L.S.D. between totals: 5 per cent 


54; 1 per cent = 99. 
lizer, and also less than those which had received the 
complete fertilizer + straw + Ca(OH)2. The spoil 
samples which received only the complete fertilizer 
produced significantly less carbon dioxide than those 
which received the complete fertilizer + straw + 
Ca(OH)s. 

The control sample of the vegetated spoil produced 
significantly less carbon dioxide than any of the treat- 
ments, except the sample which received Ca(OH). and 
straw. In general, the results obtained with these 
samples are similar to those obtained for the non- 
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vegetated spoil samples, namely, the samples which 
received nitrogen produced the most carbon dioxide. 

No significant differences were obtained in the quan- 
tity of carbon dioxide produced by any sample of un- 
disturbed soil regardless of treatment, although differ- 
ences would seem to be expected. 

The total carbon dioxide produced by the non- 
vegetated spoil material, including all treatments, is 
significantly greater than that produced by the vege- 
tated spoil, and both are significantly less than the 
total quantity of carbon dioxide produced by the un- 
disturbed soil. No explanation can be given for the 
significantly smaller production of carbon dioxide from 
the vegetated spoil. 


Dixon Spoil 


The amount of carbon dioxide produced by the 
nonvegetated and vegetated samples of this spoil was 
similar to that of the Fairmont spoil. All the samples 
receiving the complete fertilizer, except those with the 
pH of the samples adjusted, produced more carbon 
dioxide than those not receiving all the elements. 
None of the treatments applied to the undisturbed soil 
material from this area resulted in significant differences 
in the quantity of carbon dioxide produced. 

The total carbon dioxide produced by the treatments 
applied to the nonvegetated spoil material is signifi- 
cantly less than the total obtained from the same 
treatments applied to the vegetated spoil material. 
This total, in turn, is significantly less than that ob- 
tained from similarly treated undisturbed soil material. 

DIscUSSION 

These results indicate that spoils will develop a 
microbial population capable of decomposing organic 
matter. Certain chemical, and perhaps physical, con- 
ditions of some spoils, however, are not conducive to 
rapid decomposition of matter. Nitrogen 
content and the pH of the spoil are likely to be the two 
limiting factors affecting this decomposition of organic 
matter; the deficiency of nitrogen is by far the more 
important of the two. It is recognized that spoils are 
usually deficient in available nitrogen (Croxton, 1928; 
Kohnke, 1950) yet total nitrogen determinations often 
indicate rather substantial quantities of nitrogen. This 
is true of the spoils used in this work and those reported 
by Croxton (1928). The Canyon spoil, for example, 
contained 8.2 per cent coal in the nonvegetated spoil 
material and approximately 4.0 per cent in the vege- 
tated spoil material. Comparable percentages for the 
Fairmont spoil were 9.1 per cent and 4.6 per cent, 
respectively. No data are available for the Dixon spoil. 
The presence of coal of such magnitude in spoil would 
definitely influence the percentage of nitrogen as de- 
termined by the Kjeldahl method. The amounts of total 
nitrogen in all the spoils studied, as given in table 1, 


organic 
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if available would provide sufficient nitrogen for crop 
growth and for organic matter decomposition, when 
actually the amount of available nitrogen would be 
insufficient. Although 90 per cent of the coal samples 
tested in West Virginia had a nitrogen content of 
approximately 1.2 to 1.6 per cent (Headlee, 1955) such 
nitrogen is not readily available to microorganisms and 
higher plants. Croxton (1928) recognized this lack of 
availability. 

The failure of a given substance to increase signifi- 
cantly the production of carbon dioxide may be due to 
the presence of a sufficient supply of that substance, 
This seems to be a reasonable assumption since neither 
phosphorus nor potassium (nor phosphorus-potassium) 
increased the quantity of carbon dioxide produced. 

These results do provide evidence, based upon carbon 
dioxide production, that if nitrogen is applied to spoils, 
and the spoil reaction is adjusted to a favorable pH 
for microbial growth, in the case of acid spoils, nitrogen 
and other elements of the organic matter will be trans- 
formed to simpler inorganic compounds. These com- 
pounds, therefore, will become available to plants and 
microorganisms. 
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SUMMARY 


The carbon dioxide production, under laboratory 
conditions, as a measure of microbial activity of non- 
vegetated and vegetated spoil samples from three coal 
strip-mined areas was compared with that of samples 
taken of nearby soils. 

The carbon dioxide production by one spoil was! 
measured after adding nitrogen, phosphorus, and 
potassium (20, 20.6, and 16.6 ppm, respectively, which 
is equivalent to 1000 Ibs of a 4-12—4 fertilizer per acre), 





ground wheat straw (1 per cent), and Ca(OH), to! 
neutralize the acidity. These were added alone and in 
all possible combinations. The carbon dioxide produced 
by two other spoils was measured after adding all the! 
combinations possible using a complete fertilizer (N PX), 
straw, and Ca(OH)». The moisture content was mait-| 
tained at 50 per cent of the water-holding capacity and 
the samples were incubated at 25 C + 1 for 10 days! 

The addition of nitrogen to the spoils, alone or 1 
with the other additions, apparently 
had more influence upon the microbial activity, as] 
indicated by the carbon dioxide production, than any? 


combination 


other addition. In some cases, the addition of Ca(OH), 


for adjustment of the pH of the spoil to a more favorabk 

value was influential in increasing the microbial activity,’ 
particularly in those samples which received an addit 
tion of organic matter. 
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The total amount of carbon dioxide produced by the 
variously treated samples from the Canyon and Dixon 
Strip mine areas was as follows: nonvegetated < 
vegetated < undisturbed. The order of production for 
the Fairmont spoil area was: vegetated < nonvegetated 
< undisturbed. 
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The wholesomeness of foods is judged, to a large 
extent, by the numbers of microorganisms present in 
them. There has been a tendency recently to establish 
an allowable upper limit of 100,000 viable bacteria per g 
of precooked and other frozen foods (Quartermaster 
Food and Container Institute, specifications 1955; 
Fitzgerald, 1947). If such specific regulations con- 
cerning bacterial numbers are to have proper signifi- 
cance, the methods by which bacterial numbers are 
determined must be accurate and reliable. There is, 
however, considerable question concerning the reli- 
ability of dilution fluids such as water, saline, and 
phosphate buffer, commonly used in making bacterial 
counts, 

Sterile water is used frequently to dilute food samples 
prior to plating. Water, however, and especially distilled 
water, has been shown repeatedly to kill various bacteria 
rapidly and extensively. Winslow and Brooke (1927) 
found that cells of Bacillus cereus, Bacillus megaterium, 
and Serratia marcescens, even when initially present in 
concentrations of millions per ml, decreased to less 
than 1 per cent of the original population within 1 hr 
when placed in distilled water or physiologic salt so- 
lution. Likewise, Butterfield (1932) found that the 
number of bacteria in natural waters may decrease as 
much as 60 per cent in 30 min when diluted with dis- 


tilled water. More recently, it has been reported that 
Brucella abortus is rapidly destroyed in distilled water, 
Ringer’s solution, and in unbuffered and buffered saline 
(de Mello et al., 1951). Also other bacteria such as 
Pseudomonas fluorescens, a inhabitant of 
foods, and Pseudomonas aeruginosa rapidly die in water 
and in saline and phosphate buffer solutions (Gunter, 
1954; Stokes and Osborne, 1956). 

A random survey by the present authors has dis- 
closed the great extent to which tap and distilled water 
are employed as diluents. This survey included 44 
papers published during the past 20 years, which 
involved determination of bacterial counts in various 
foods. Water was used as the diluent in 67 per cent of 
the investigations, physiologic saline in 18 per cent, 
phosphate-buffered distilled water in 9 per cent, and 
the diluent was not mentioned in the remaining 6 per 
cent of the papers. Of the 67 per cent using water, 21 
per cent employed distilled water, 13 per cent tap 
water, and the remaining 33 per cent did not indicate 
the type of water used. 

Several ways have been suggested to protect bacteria 
against the destructive action of water and saline 
diluents. Butterfield (1932) recommended use of dis- 
tilled water buffered with small amounts of phosphate 
and this has been adopted to some extent for the assay 


common 
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of dairy products (American Public Health Association, 
1953) and frozen foods (Quartermaster Food and Con- 
tainer Institute, 1955). Phosphate-buffered water, 
however, does not always provide full protection for 
bacteria (Butterfield, 1932; Stokes and Osborne, 1956). 
Also, addition of small amounts of peptone or meat 
extract to water will protect pure cultures of several 
bacterial species (Winslow and Brooke, 1927; de Mello 
et al., 1951), but apparently has not been tested with 
natural mixed populations. 

The purpose of the present investigation was to 
examine in detail the effect of various diluents and 
conditions on the survival of the mixed and diverse 
bacterial populations found in foods. Several diluents 
were found that neither appreciably destroy nor stimu- 
late the growth of bacteria for at least an hour. This 
period should be sufficiently long to permit completion 
of plating of even a fairly large number of samples. 


MATERIALS AND METHODS 


Preparation of samples. Most of the experiments were 
made with precooked frozen chicken and turkey pies 
purchased from retail stores. The top layer of dough was 
removed aseptically and discarded. The contents of the 
pie were transferred to a tared, sterile, screw-cap, 
aluminum blender jar. A portion of a measured amount 
of sterile distilled water was added and the mixture 
blended for 2 min. The remainder of the water, the 
total of which was sufficient to make a 1:5 dilution of 
the pie, was then added and the blending continued for 
an additional minute. Fifty milliliters of the pie sus- 
pension were diluted with 50 ml of sterile distilled 
water. This 1:10 dilution of the pie in distilled water 
was the starting material for the determination of the 
effect of various diluents on the microbial population. 

Diluents. From the basic 1:10 dilution of sample, 
further dilutions of 1:100, 1:1000, and 1:10,000 were 
made in a variety of diluents. For each decimal dilution, 
10 ml of sample and 90 ml of diluent were used. These 
were made in milk-dilution bottles fitted with Escher- 
type rubber stoppers. The diluents included distilled 
water, tap water, physiologic saline (0.85 per cent NaCl), 
0.0003 m phosphate-buffered distilled water of pH 7.2 
(Butterfield, 1932), peptone ranging from 0.5 per cent 
to 0.0001 per cent, peptone adjusted to pH 5, 6, 7, 
and 8, with HCl or NaOH and also 0.1 per cent solu- 
tions of casein hydrolyzate, yeast extract, L-glutamic 
acid, glycine, ammonium sulfate, glucose, sucrose, and 
dextrin. 

Test methods. The 1:100 and higher dilutions of the 
samples in the various diluents were incubated at 
room temperature, approximately 25 C, to determine 
the degree of survival of the bacteria contained in them. 
After 20, 40, 60, and in some cases 120 min, 1-ml 
aliquots of each dilution, in triplicate, were plated with 
tryptone glucose extract agar to determine the viable 
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bacterial population. It was considered that, under usual 
laboratory conditions, there could be a delay of as 
much as !4 to 1 hr between dilution of a sample and 
plating when appreciable numbers of samples are being 
assayed. Colony counts were made after the plates had 
been incubated for 3 days at 30 C, and the values for the 
triplicate plates were averaged. 


RESULTS 


Representative data from a large number of experi- 
ments in which distilled, phosphate, and peptone water 
were compared as diluents are given in table 1. Poultry 
pies containing from 50,000 to over 10,000,000 bacteria 
per g are included. The destructive effect of distilled 
water on the mixed flora of the pies is very clear, As 
much as 40 to 60 per cent of the bacterial population 
from some pies was destroyed in the short interval of 
20 min. Considerable loss of bacteria occurred with all 
of the pies. Destruction increased with time so that 
within 1 hr a minimum of about 40 per cent and a 
maximum of about 90 per cent of the bacteria could not 
be recovered. Phosphate dilution water, although less 
toxic than distilled water, nevertheless permitted a 20 
to 30 per cent decrease in bacterial population within 20 
min, 30 to 40 per cent in 40 min, and as much as 80 
per cent in 1 hr in some instances. It was effective, 
however, in some cases, in maintaining the bacterial 
numbers unchanged for 20 min and occasionally for 
40 to 60 min. 

In sharp contrast to bacterial losses in distilled and 
phosphate water, the bacteria survived with little or 
no loss in 0.5 per cent peptone water for at least an 
hour in all samples. The small decreases in population, 


TABLE 1. Survival of bacteria in various diluents 


Per Cent Change in 
Number of Bacteria 


Experi-. Source of : Initial Number 
neat acters Diluent of Bac teria 
et 20 | 40 | 60 | 10 
min min | min min 
7 Chicken  Water* 5,900,000 —38 —88& —93 —9% 


pie Phosphatet 
Peptonet 


12,100,000 |—34 —56 —79 —% 
10,500,000 | —2 —6—10 -5 


9 Turkey Water 77,000 _—26 —40 —47 —f2 
pie Phosphate 66,000 +5 +2 —10—-4 
Peptone 72,000' -—1 OO —5-+10 

11 Turkey | Water 37,000 —60 —62 —70 —% 
pie Phosphate 43,000 | +2 —2, —30 -—58 
Peptone 43,000 —10 —14 —12 42 

14 Chicken Water 76,000 |—41 —43 —42 —5 
pie Phosphate 52,000 |—10 —31 —25 —3 
Peptone 55,000 | —9 —9 —11 +18 

17 Pot pie Water 418,000 —14 —34 —41 -6 
Phosphate $20,000 —21 —25 —40 —5 

467,000 | —4—11 —12 


Peptone 


* Distilled water. 


+ Prepared according to Butterfield (1932): 0.0003 PO; 
pH 7.2. 


t Peptone, 0.5 per cent. 
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TaBLE 2. Influence of peptone concentration on survival of 
bacteria* 


Experiment A Experiment B 


Bacteria per Bacteria per 


Per Cent Peptone gz X 108 g X 104 Per 
Per cent | cent 

: reduction | reduc- 

initial | he | Initial | After how 

0.5 49st | oat |e | 122 | 2 
a4 169 161 5 131 | 124 5 
0.01 169 164 | 3 133 | Q7 27 
(0.001 145 110 | 24 114 87 24 
(0.0001 155 117 | 25 125 87 30 
Distilled water 156 123 | 21 107 69 35 


* The natural mixed population of precooked frozen poultry 
pies. 
t+ Increase. 


approximately 10 per cent, may be more apparent than 
real, since the plating method used for the quantitative 
determination of bacterial numbers is also accurate to 
about 10 per cent. 

The results obtained after 120 min are instructive, 
since this longer period accentuates and therefore 
makes clearer the destructive action of distilled and 
phosphate water. They also indicate that some bacterial 
multiplication may take place in the peptone water 
if the dilutions are left at room temperature for as long 
as 2 hr. 

Physiologic saline was used in a few experiments. 
The bacterial losses were approximately the same as 
those in distilled water. 

Influence of peptone concentration. To determine the 
minimum amount of peptone necessary to afford com- 
plete protection of the bacteria for an hour, experiments 
were made in which the peptone concentration was 
varied between 0.5 and 0.0001 per cent (table 2). In 
experiment A, 0.01 per cent peptone was sufficient to 
completely protect the bacteria, whereas 0.1 per cent 
peptone was required in experiment B. It appears 
therefore that 0.01 per cent peptone is a critical con- 
centration which is sometimes but not always adequate. 
The minimum concentration of peptone required, 
therefore, in order to obtain consistent and full pro- 
tection of the bacteria is 0.1 per cent and this concen- 
tration was used in subsequent experiments. 

Effect of pH. In the previous experiments no attempts 
were made to control pH of thediluents although values 
were recorded. The distilled water ranged between pH 
5.7 and 6.3, the phosphate water between pH 6.7 and 
7.2, and the peptone water between pH 6.6 and 6.9. 
In the present experiment, the influence of pH on the 
protective action of 0.1 per cent peptone was deter- 
mined. The results are shown in table 3. Essentially 
full protection of the bacteria was obtained for 1 hr in 
the range of pH 6.0 to 7.3. Considerable bacterial 
destruction occurred, however, at pH 5.3. 


The loss of bacteria previously obtained in distilled 
water cannot be attributed, except possibly in a minor 
way, to the lower pH of the water. It is evident from 
table 3 that 39 per cent destruction of bacteria occurred 
in distilled water of pH 6.0, whereas only 9 per cent loss 
occurred in peptone water at exactly the same pH level. 
Moreover, as has been shown previously, considerable 
and frequent bacterial destruction takes place in phos- 
phate water which is close to pH 7. 

Also, in some of our experiments we have noted as 
much bacterial loss in tap water at pH 7 as in distilled 
water at pH 6. 

There is very little change in pH of the peptone-water 
dilution of the food material during the 1 hr of storage. 

Effectiveness of additional diluents. In order to char- 
acterize more closely the nature of diluents which will 
protect bacteria, a number of additional compounds 
were tested. These included yeast extract, which like 
peptone is a complex proteinaceous material, a mixture 
of amino acids in the form of hydrolyzed casein, in- 
dividual amino acids, inorganic nitrogen, and carbo- 


TABLE 3. Effect of pH on the protective action of 0.1 per cent 
peptone diluent 


pH* Bacteria per g 
: Per Cent 
Diluent - 
Reductior 
Initial sy ol Initial After 
ir 1 hr 
Peptone 5.3 5.2 | 31,000 | 16,000 48 
Peptone , 6.0 6.1 33,000 | 30,000 9 
Peptone . 6.8 6.7 34,000 | 33,000 | 3 
Peptone 7.3 7.2. | 31,000 | 29,000 6 
Distilled water . 6.0 | 6.] 31,000 | 19,000 39 


* Of the 10 dilution of the poultry pies from which the bac- 
terial counts were obtained. 


TABLE 4. Extent of protection of bacteria* by various diluents 


Bacteria per 


g X 104 Per ( ‘ 
Diluentt pH} phage 
After 
Initial 1 hr 
Peptone 6.4 32 125 —§ 
Yeast extract 6.1 132 125 —5 
Casein hydrolyzate 6.6 114 118 +3 
Glutamie acid (neutralized) 7.4 102 114 +12 
Glycine 7.0 140 140 0 
Ammonium sulfate 5.8 124 104 ~16 
Glucose 5.6 118 30 —75 
Sucrose 6.4 112 he) —12 
Dextrin 6.1 117 $3 —29 
Distilled water 6.3 114 76 — 33 


* The natural mixed population of precooked frozen poultry 
pies. 

+ All compounds were present in 0.1 per cent concentration. 

t Of the 10‘ dilution of the poultry pies from which the bac- 
terial counts were obtained. 
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hydrates. As usual, peptone and distilled water served as 
controls. Representative results are presented in table 4. 

Yeast extract protects bacteria fully as well as pep- 
tone. This is true also of casein hydrolyzate, glutamic 
acid, and glycine. Ammonium sulfate may afford some 
protection. Among the carbohydrates, glucose and 
dextrin are ineffective although sucrose appears to 
offer considerable protection to the bacteria. Autoclaved 
glucose solutions tend to be acid, and this fact may 
account for the greater bacterial losses in glucose diluent 
than in distilled water. On the basis of the limited 
number of compounds tested, it appears that, in general, 
bacteria are protected best by diluents which contain 
complex proteinaceous substances such as peptone and 
yeast extract and by mixtures of amino acids or even 
single amino acids. 


DISCUSSION 


Not all types of bacteria die rapidly when placed in 
water or saline. The coli-aerogenes group and the 
morphologically and biochemically related Salmonella 
and Proteus groups can survive, in undiminished 
numbers, for many hours and even days in water 
(Cohen, 1922; Stokes and Osborne, 1955, 1956). But 
as has been indicated, many bacteria, including aerobic 
sporeformers, pseudomonads, and other common in- 
habitants of foods die very rapidly, within minutes, 
when suspended in water or saline. Unfortunately, this 
marked bacterial destruction has not received adequate 
consideration, since apparently most investigators 
continue to use water as a diluent for quantitative 
bacterial counts. Our data indicate that this practice 
can lead to gross quantitative errors in the assay of 
foods. The degree of error will vary with the number of 
sensitive bacterial cells present, the length of time they 
remain in contact with water, and the size of the initial 
population. In connection with the latter, it has been 
our experience that frequently foods with low numbers 
of bacteria show smaller losses than foods with high 
bacterial populations when the foods are diluted in 
water. This is due probably to the protective action of 
the food material itself. The protection is greater in 
dilutions of food with relatively few bacteria simply 
because such foods are diluted to a smaller extent prior 
to plating than the foods with a great many bacteria 
per gram. 

Destruction of bacteria during dilution can be avoided 
by the use of 0.1 per cent peptone water as the diluent 
or the other organic nitrogenous substances described. 
The peptone water is easy to prepare and is relatively 
inexpensive because of the low concentration of peptone 
required for full bacterial protection. At first glance, use 
of such a nutrient solution as a diluent would seem to 
offer the danger of bacterial multiplication as contrasted 
to bacterial destruction in water. Experimentally, how- 
ever, growth did not occur in peptone water within 1 hr 
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and was absent or only small after 2 hr. This result js 
understandable, since bacteria placed in nutrient media 
normally do not begin to multiply for 1 to 2 hr or longer, 

The peptone water affords adequate protection for 
bacteria, provided it is not brought below about pH 6 
by the food material. In the case of highly acid foods 
such as fruits and fruit juices, it may be necessary to 
neutralize the food with alkaline phosphates or bi- 
carbonate prior to assay or to add such neutralizing 
agents to the peptone water. 

As previously indicated, distilled water was used in 
all of our experiments to prepare the initial 1:5 and 
i:10 dilutions of the food materials. Some bacterial 
destruction may occur at this stage. The extent would 
probably be small because of the shortness of time of 
exposure of the bacteria to the water, about 5 min in 
our experiments, and the protective effect of the large 
amount of food material present in these low dilutions, 
However, it may be best to make all dilutions in 0.1 
per cent peptone water. We have adopted this practice 
as a routine procedure. For other types of materials it 
may be advisable to redetermine the optimum peptone 
concentration. 

The reason for the marked sensitivity of some bace- 
teria and the resistance of others to destruction in 
water and saline is not known. Nor is it known how 
peptone and the related organic nitrogenous substances 
protect the sensitive bacteria. These are intriguing 
problems which merit investigation. 


SUMMARY 


Rapid and extensive destruction of bacteria (the 
natural mixed population of poultry pies) occurs in the 
commonly used diluting fluids, namely distilled, tap, 


and phosphate water, and saline. As much as 40 to 60 | 


per cent of the bacterial population may die in distilled 
water within 20 min and over 90 per cent in 1 hr. 


Phosphate water, although less toxic than distilled | 


water, nevertheless permitted, in some instances, 4 
20 to 30 per cent decrease in bacterial numbers within 
20 min and as much as 80 per cent in 1 hr. It is apparent 
that use of these diluents can lead to large errors in the 


quantitative determination of bacterial numbers by , 


plating methods. 

Bacterial losses during dilution can be avoided by 
the use of peptone water as the diluent. As little as 0.1 
per cent peptone is sufficient to provide essentially 
full protection of bacteria for at least 1 hr. Other com- 


pounds which will also protect bacteria, although they , 


have not been tested as extensively as peptone, include 

yeast extract, casein hydrolyzate, glutamic acid, and 

glycine. Carbohydrates are generally ineffective. 
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I. PrincipLe. In these methods the substance to be 
assayed is allowed to diffuse through solid, inoculated 
culture medium. If the substance being assayed is a 
bacteriostatic or bactericidal agent, a zone of inhibition 
results. If the substance is a growth factor, a zone of 
growth [zone of exhibition (Bacharach and Cuthbert- 
son, 1948)] develops. The size of the zone, either of 
inhibition or growth, is a function of the concentra- 
tion or in certain circumstances, the amount (Heatley, 
1948) of the substance being assayed. This function 
can be expressed as a linear relationship between the 
size of the zone and the logarithm of the concentra- 


tion of the substance (Bliss, 1944; Davies, 1945-1946: 
Bacharach and Cuthbertson, 1948). By measuring the 
distance the substance diffuses, as evidenced by 
growth or lack of growth of the test organism, and 
comparing it with that of a known standard prepara- 


tion, the potency of the sample may be calculated. 


II. Types or Dirrusion. There are two types of dif- 


fusion, vertical 
(radial diffusion). 


A. Vertical (linear) diffusion. In vertical diffusion 
methods, a given volume of the solution to be 
assayed is placed on top of a column of inoculated 
agar and allowed to diffuse down the column. The 
length of the column, in which the inhibition or 


(linear diffusion) and horizontal 


exhibition takes place, is measured and the con- 


centration of substance corresponding to this dis- 
tance is read from a standard curve. The standard 
curve is prepared from a similar series of columns of 
known concentrations of the substance being as- 
sayed. This method is seldom used. Some Japanese 
workers (Torii et al., 1947) use it routinely, and 
several other investigators have developed work- 
able methods (Florey et al., 1949; Davis and Parke, 

1950: Davis et al., 1950). Its main disadvantages are: 

(1) Must necessarily use a facultative anaerobe. 

(2) Test solutions must be sterile. 

(3) Difficulty in observing the end point. 

(+) There is a relatively narrow spread of readings 
of the zone lengths. 

(5) The method is cumbersome. There is a lengthy 
time period involved in cleaning and setting up 
the apparatus. 

One major advantage of this method (Davis and 

Parke, 1950) is the ability to better define and con- 

trol the geometry of the diffusion system. To gain 

this one advantage, it is necessary to sacrifice others 

such as time, ease of handling, and so forth. From a 

practical standpoint, the increase in accuracy by 

better control of diffusion is not worth the sacrifice. 

The literature does not indicate the use of this 

method for the assay of substances other than anti- 

bioties. 

B. Horizontal (radial) diffusion. There are several 


» 
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methods emploved using the horizontal type of dif- 
fusion. These may be divided into two groups 
(Heatley, 1948), first, those methods in which the 
diameter of the zone of inhibition or growth depends 
upon the concentration of the substance being 
tested, and second, those methods in which the zone 
is dependent upon the amount of the substance. 
1. Zones dependent upon concentration. Two meth- 
ods are included in this group, the cylinder and 
the cup plate methods. The two are essentially 
the same. The substance being assayed diffuses 
from a central source. The diameter of the zone 
of exhibition is measured and, as in vertical 
diffusion, compared to a series of standard con- 
centrations of the substance being assayed. In 
the cylinder method the solution is contained 
within a cylinder. In the cup plate method a de- 
pression to hold the solution is made in the agar. 
(a) Cylinder method. The cylinders used in this 
assay may be of pyrex glass, glazed porcelain, 
aluminum, or stainless steel. They should have 
the following approximate dimensions, an out- 
side diameter of 8 + 0.1 mm, an inside diameter 
of 6 + 0.1 mm, and a length of 10 + 0.1 mm, 
with a thickness not exceeding 1 mm. If made 
of glass, porcelain, or aluminum, they should 
be beveled internally. The object of the bevel 
is to reduce the area of contact with the agar 
and so increase the weight per unit area of con- 
tact, thus giving a more effective seal (Florey 
et al., 1949). The beveled end, which is placed 
in contact with the agar, should be flat and 
free from chips or scratches. The bevel is un- 
necessary when the heavier stainless steel 
cylinders are used. Cylinders may be placed on 
the agar cold or they may be warmed before 
being applied. Warming the cylinder will give 
a more effective seal. Control of the depth 
that the cylinders are imbedded in the agar is 
important. If the cylinders penetrate too far, 
the zone size is reduced (Brownlee et al., 1948). 
Differences in depth between cylinders will 
lead to high experimental error as there will be 
a corresponding variation in zone size. In order 
to control this factor, the heating of the cylinders 
should be uniform. This can be done by using 
a hot plate. 

The cylinders may be placed on the agar by 
hand or by the use of automatic dispensing 
machines. Devices for the automatic placement 
of cylinders have been described by Reeves and 
Schmidt (1945), Oswald and Randall (1945), 
Beadle et al. (1945), and Chandler and Shaw 
(1946). When a machine is used for the place- 
ment of cylinders, they are applied cold. 

The standard and 


sample solutions are 
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pipetted into the cylinders. The cylinders 

should be filled completely with solution to 

avoid error. Grenfell et al. (1947) found an 18 

per cent range in zone size when they varied 

the volume of solution in the cylinders from 

0.1 to 0.3 ml. 

Care should be taken when moving the plates 
to avoid breaking the seal between the cylinder 
and the agar, or spilling the solution contained 
in the cylinder. The advantages of the cylinder 
plate assay are: 

(1) Solution being assayed need not be sterile. 

(2) Adaptable to rapid assay. 

(3) More sensitive to low dilutions than the 
paper dise assay. 

The disadvantages are: 

(1) Extreme care must be taken in the handling 
of plates to avoid breaking seal or spilling 
the contents. 

(2) Handling, 
cylinders. 


cleaning, and _ sterilizing the 

(3) Filling of cups is slow and tedious. 

(4) Suspended material interferes with diffusion 
of liquid from the cylinder. 

(b) Cup plate method. The depression, which is 

cut in the agar, can be made in either of two 

ways. 

(1) A sterile rubber stopper, test tube, marble, 
or something similar, is placed in the molten 
agar. When the agar solidifies, the object is 
removed leaving a depression. 
or 

(2) The agar is allowed to harden and a slug is 
removed by means of a sterile cork borer. 
The size of the cork borer is optional. It 
has been found that there is no difference 
in results using cork borers from 9) to 18 
mm (Harris and Ruger, 1953). 

In using this method, there are several factors 

which are important if accurate and_ repro- 

ducible results are to be obtained (Vesterdal, 

1946). 

These factors are: 

(1) Cups must be cut vertically. 

(2) Cups must be completely filled with the 
solution being assayed. 

(3) Optimum thickness of the agar is 5 to 6 mm. 

The zones obtained using this method may be 

sources of error. If the agar on the edge of the 

cup is lifted away from the glass, a false large 
zone will result from the seepage of the solu- 
tion between the agar and the bottom of the 

plate. When a single layer of agar is used, 4 

double zone effect may occur. If the same edge 

of each zone is read, the error will be negligible 

(Brownlee et al., 1948). The curve obtained 
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with this test and the accuracy of the test are 

the same as for the cylinder plate method. 

The advantages of the cup plate method are: 

(1) Handling of cylinders is eliminated. 

(2) It is more sensitive to low dilutions than 
is the paper disc assay. 

(3) Suspended material does not interfere with 
diffusion of the solution. 

(4) Variation in the size of the cylinder is 
avoided (Brownlee et al., 1948). 

(5) It can be used as a screening test for sub- 
stances elaborated by microorganisms 
(Harris and Ruger, 1953; Raper et al., 
1944; Wilkens and Harris, 1944). 

(6) It is adaptable to rapid assay. 

The disadvantages are: 

(1) Cutting of cups is a laborious operation. 

(2) Some care must be taken in handling plates 

to avoid spilling the solution. 

2. Zones dependent wpon amount. Two methods 
are also included in this group, the drop plate 
method and the paper disc method. These two 
methods are, in a sense, as similar in comparison 
with each other as the two methods described 
previously. In the drop plate method, a drop of 
the substance to be tested is placed directly on a 
plate and diffuses into the agar. A zone of inhibi- 
tion or exhibition results. In the paper dise method, 
the drops are indirectly placed on the agar by 
means of a filter paper disc, with subsequent dif- 
fusion and the resultant zones. 

(a) Drop plate method. Either of two techniques 

may be employed with this method. The first 

involves placing a drop of the solution to be 
assayed on the surface of a seeded agar plate 

(Forgaes and Kuchera, 1946; Thomas et al., 
1944). A loop, a pipette, or a syringe may be 
used to apply the drop. This method is more 
adaptable for a qualitative than quantitative 
assay. The second technique is that of White 
(1945-1946). It is claimed that by this method 
a difference of 5 per cent in potency can be 
determined. The dilutions to be tested are 
made up in broth. Each dilution is inoculated 
with a suitable microorganism. One drop of 
ach dilution is placed on nutrient agar which 
is incubated. The results are based on the ap- 
pearance of the bacterial growth between 
dilutions. 

This method has a “restricted application, 
being most suitable for the accurate assay of a 
few samples of approximately known potency” 
(Heatley, 1948). It is obvious that neither of 
these two methods would be the method of 
choice, except in some special application. 

(b) Paper disc method. The disc, rather than the 


cylinder or cup, is used as the reservoir for the 
substance being assayed by this method. The 
solution to be assayed is placed on the dise 
either by use of a pipette or loop, or the dise 
may be dipped into the solution. As indicated 
previously, the major difference between the 
cylinder or cup method and the paper disc 
method is that the amount of substance, rather 
than the concentration, determines the size of 
the zone. This factor allows the discs to be 
placed on the seeded agar either wet or dry. 

Because of this it is also possible to assay mate- 

rials containing organic solvents (Stansly, 

1952). The dise can be wet with the substance 

to be assayed and then the solvent allowed to 

evaporate before the disc is placed on the agar. 

It has been found that 60 per cent methanol, 

40 per cent ethanol, 40 per cent acetone, 10 

per cent dioxane, or 5 per cent pyridine does 

not interfere with the assay of streptomycin 

(Loo et al., 1945). This same factor has been 

responsible for the success of the commercially 

available antibiotic sensitivity discs which are 
used for diagnostic purposes. A modification of 
this method has been used for the differential 
assay of the penicillins. Paper chromatography 
is used to separate various penicillins and the 
strips are then placed on agar (Glister and 

Grainger, 1950; Goodall and Levi, 1947). Zones 

of inhibition appear at intervals along the strip 

depending upon the location of the particular 
type of penicillin. 

The curve obtained is a straight line and the 
accuracy and reproducibility of results are the 
same as for cylinder plate and cup plate assays. 

The advantages of the paper disc method 
over other diffusion methods are: 

(1) Simplicity. It does not require the tedious 
work of filling cylinders or cutting out 
plugs of agar. 

(2) Convenience. It does not require handling, 
cleaning and sterilizing of cylinders. This 
decreases the over-all time required for 
assay and allows more samples to be 
handled during any given period of time. 

(3) Rapidity. The dises can be handled rapidly. 
As in (2) above, the over-all time for assay 
is decreased and more samples can be 
handled. 

(4) Ease of handling plates. There is no need 
for the special handling of assay plates as 
with other diffusion methods. 

(5) Accuracy. There are more consistent zones 
of inhibition due to improved diffusion as 
there is better contact of disc with agar. 
Variable diffusion due to leaks and chips 
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and inconsistently applied cylinders is 
avoided. 
(6 


Ability to assay solutions containing rela- 
tively high concentrations of organic sol- 
vents. High and erratic results are obtained 
with other methods. 

Only small amounts of solution are neces- 
sary to saturate the discs. This advantage is 
valuable when a limited sample of low con- 
centration is assayed. {Direct assay of blood 
(Sherwood and de Beer, 1947).] 

The disadvantage of the paper disc method is 
that it is less sensitive to low dilutions than 
either the cylinder or cup plate method. 

III. Facrors THat INFLUENCE Dirrusion Assays. In 
any assay method, there are factors which are peculiar 
to that type of assay. Control of these factors will re- 
sult in accurate and reproducible assays. The factors 
to be discussed are the main conditions that need 
control in the diffusion type assay. There are un- 
doubtedly many others, for each substance to be 
assayed, and the form in which it is available, pre- 
sents new and different problems. Some of these 
factors are applicable only to the diffusion assay, 
while others might have broader application. 

Although the lack of control on some of these con- 
ditions will lead to significant errors, variation of a 


— 
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factor or factors could improve an assay. For example, 
decrease in depth of agar increases the sensitivity. This 
might be a desirable effect. 
A. Agar. The diffusion assay is fundamentally de- 
pendent upon the diffusion of the substance to be 
assayed through the agar. Thus the agar becomes 
one of the most important factors in this type of 
assay. In the following discussion, the nutrient value 
of the agar, which is considered elsewhere to a 
greater extent, is not evaluated. The concern here 
is for those factors which materially affect the 
physical diffusion through the agar of the substance 
to be assayed. 
1. Depth of the agar. Agar has been placed in con- 
tainers in a variety of depths ranging from the 
“microfilm” method of Forgacs and Kuchera (1946) 
to the 8-mm thickness layer of Hayes (1945). A 
thin layer will give larger zones than thicker 
layers thus increasing the sensitivity of the 
assay. Most authors recommend a layer of 3 to 
5 mm. In a statistical analysis of this problem, de 
Beer and Sherwood (1945) found that the best 
results were found with layers of 2 to 4 mm. The 
analysis of variance indicated that extremely 
thick or thin plates should not be used as the log 
dose-response curve obtained may not be a 
straight line. Hayes (1945) in his. statistical 
evaluation, indicated that an 8-mm layer of agar 
gave the most reproducible results. Other workers 


(Higgins et al., 1953; Kersey and Leghorn, 1953. 
Larkin and Stuckey, 1951) have had better re. 
sults with thinner layers. 

It is not important that an exact numerical 
value is obtained for the depth of an optimum 
layer, but rather there is need for a constant 
thickness for a given series of plates or assays. To 
obtain a constant thickness it is necessary to 
control the volume of agar added to each plate 
and select dishes that have flat bottoms and are 
of uniform size. Many types of containers have 
been used: Petri dishes, flat bottom baking dishes 
(Epstein et al., 1944), flat pyrex plates with pyrex 
rims (Kersey and Leghorn, 1953) and window 
glass, with wooden or aluminum rims (Brownlee 
et al., 1948). It is advantageous to obtain as many 
zones as possible from one plate. Environmental 
conditions are more apt to be similar for an assay 
conducted on one plate than for an assay using 
several plates. This was statistically proved by 
Brownlee et al. (1948) using large plates contain- 
ing 64 cups. 

2. Dryness of agar. Insufficient dryness of the 
agar may cause streakiness and indistinct, ob- 
scure zones. Some workers feel that drying is 
essential while others have dispensed with drying 
techniques and have obtained excellent results. 
Partial drying is desirable if streakiness is to be 
avoided (Florey et al., 1949). While drying the 
plates, care should be taken to avoid aerial con- 
tamination. This may be done by covering the 
plates with several thicknesses of cheesecloth 
(Florey et al., 1949), using porcelain covers, or by 
inverting the plates. Drying may be done by 
leaving the plates at room temperature or by plae- 
ing them in an incubator at elevated tempera- 


tures. The length of time required is a function ot | 


temperature and humidity, but the operator’s 
experience is the best guide as to the extent the 
plates must be dried before using. Plates may be 
stored in a refrigerator for several days after 
seeding, with no adverse effects. 
3. Amount of agar. There are reports in the litera- 
ture that the sensitivity of the diffusion method 
can be increased by decreasing the agar content 
of the medium. The results of Grady and Wil 
liams (1953) are difficult to interpret in this re- 
gard, as they varied the depth of the agar at the 
same time that they varied the concentration 0! 
agar. It is probable that the amount of agar used 
will affect the assay. This would be dependent, 
however, on the quality and origin of the agar. 
B. pH of agar and assay solutions. The prime requi- 
site for the pH of the agar is that the value should 
be in the ranges that are suitable for the optimum 
growth of the test organism. On the other hand, the 
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TaBLeE 1. Effect of various factors on the assay of penicillin by 
the cup assay* 





| Average 
| Change | No. of 


ce ae Lae | Experi- | in Zone | Zones 
Factor Varied | Normal | mental | Diameter | Meas- 
(% of | ured 
Normal) 
Age of inoculum (hr)...... .| 16 22.5 +4.4 | 156 


Temperature of inoculation (de- 
knits Vue a wins wach 47 56 +10.5 | 262 
eM OGOE. ... 2s: 6.9 | 6.35 | +7.3 | 265 
Delay before incubating plates 
after filling cups (min)... 30 60 
Volume in cups (ml). 0.2| 0.1 


+4.5 | 105 
| —11.0 79 





* Grenfell et al., 1947. 


main requirement for the pH of the assay solution 
is that it be in a range that is favorable for both 
the activity and stability of the substance being 
assayed, the ideal situation being that the pH of 
the assay solution is as close as possible to the 
optimum pH of the test organism. 

Substances vary in both activity and _ stability 
with changes in pH. Buffer solutions are recom- 
mended as diluting agents to prevent decomposition 
of pH-sensitive substances. Foster and Woodruff 
(1943) found that the activity of penicillin increased 
with decreased pH values of the medium. Eagle 
et al. (1952) report that the antibacterial action of 
basic substances decreases. Vitamin By was unstable 
in alkaline solutions used for diffusion assay (Larkin 
and Stuckey, 1951). 

The zone diameter will change when the pH of the 
agar is varied (Grenfell et al., 1947) (table 1). With 
polymyxin, Stansly and Schlosser (1947) changed the 
pH of the seed layer and found that at pH 5.0 no zone 
developed, while at pH 9.0 the zones were smaller 
than those at pH 7.0. 

The zone sizes also change with the pH of the 
(Larkin and Stuckey, 1951; Loo 
et al., 1945). The optimum pH for the maximum 
activity of streptomycin against Bacillus subtilis is 
about pH 8.5. This is high for culture media, so Loo 
et al. (1945) used a value of pH 7.9 + 0.1. The Food 
and Drug Administration (1953) uses a buffer solu- 
tion of pH 7.8 to 8.0. Smith et al. (1950) in the 
assay of choramphenicol in body fluids and tissues, 
found that changes between 4.5 and 9.0 in the pH 
of the assay solution showed no difference in ac- 
tivity, but the pH of the agar had to be held close 
to 7.0. 

There are numerous combinations of pH values 
for agar and assay solutions. The most suitable for 
a particular assay must be decided empirically. 
Again, an optimum numerical value is hard to ob- 
tain. Solution and agar pH values should be as 
similar as possible. The emphasis must be placed on 
establishing a workable set of conditions. When 


assay solution 


this is accomplished, the established conditions 
should be adhered to rigidly. 

C. Incubation. The time and temperature of in- 
cubation required and the combination of these 
factors which gives sufficient growth or inhibition 
to determine zone size vary from organism to 
organism. The requirements of a particular situation 
will determine what combination of factors should 
be selected. In some cases, the substance being as- 
sayed will influence primarily the choice of tempera- 
ture of incubation. For example, chlortetracycline is 
not only slow in diffusing through agar but is un- 
stable at 37 C. When this occurs, an organism which 
is sensitive to the substance and which will grow at 
lower temperatures is chosen. The use of some or- 
ganisms will necessitate more rigid temperature 
control than others. Some lactobacilli are affected 
when the incubation temperature varies from 2 to 
4 C (Borek and Waelsch, 1951; Price and Graves, 
1944). This variation in temperature can be con- 
trolled by the use of incubators having adequate air 
circulation and thermostatic temperature regulation. 

Some fast-growing organisms will give adequate 
zones in as little as 3 hr while others need as long as 
30 hr. In other instances, the growth of a single 
organism may be increased or decreased at the con- 
venience of the analyst and without loss of accuracy 
by changing the temperature at which the assay is 
run. A strain of B. subtilis will give results which 
can be read after 314 hr incubation at 37 C or results 
which may be read after 18 hr if incubated at 25 to 
28 C (Florey et al., 1949). For most purposes, over- 
night incubation is satisfactory. 

With some organisms a prolonged incubation 
time might cause a change in zone size, while with 
others it has no effect (Waksman and Lechevalier, 
1951; Harrison et al., 1951; Harris and Ruger, 
1953). There are cases where a combination of 
incubation temperatures has been used. In order to 
get sharper zones while using Escherichia coli as a 
test organism for polymyxin assay, Stansly and 
Schlosser (1947) incubated plates for 18 hr at 25 C 
and then for 6 hr at 37 C. This combination of 
incubation times and temperatures was chosen be- 
cause FE. coli grows quite rapidly while polymyxin 
diffuses slowly. Another technique is available to 
overcome slow diffusion. The elapsed time between 
placing the samples on the plates and incubating 
the plates can be varied. The rate of diffusion of the 
substance into the agar determines the zone size. 
This is correlated with the growth rate of the test 
organism. The activity of the substance is measured 
only to the extent of the diffusion of this material 
before multiplication of the test organism begins. 
If large zones are desired, then the lag phase of the 
growth of the organism can be altered. 
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TABLE 2. Relationship between zone diameter and time interval 
between filling plates and placing in incubator* 
(Two experiments performed on two different occasions) 
Concentration of Biz Solutions 
Time Interval , ‘ nine 
0.05 wg, ml: 0.2 ug/ml: 
zone diameter zone diameter 


min mm mm 

0 17.8 20.2 
15 18.5 20.2 
20 19.5 20.4 
hr 

0 16.12 19.0 
1.5 16.5 19.12 
2.5 17.62 21.0 
3.5 17.75 20.9 
15.0 26 30.0 


* Cuthbertson et al., 1951. 


This is done by refrigerating the plates or allow- 
ing them to remain at room temperature after the 
samples have been placed on them, to prolong the 
lag phase of the growth and thus obtain large zones. 
Schmidt and Moyer (1944) using four different 
concentrations of penicillin, showed an increase in 
the size of the zone of inhibition when plates were 
refrigerated from 1.5 to 7.5 hr. Cuthbertson et al. 
(1951) obtained similar increases in the zone of ex- 
hibition, in the assay of vitamin By, when plates 
were allowed to stand at room temperature before 
incubation (table 2). 

To reduce the lag phase with resultant smaller 
zones, the plates are incubated before the samples 
are placed on them. In the assay of vitamin By, 
Harrison et al. (1951) found that deviation from 
normal assay treatment, that is, plating out of dilu- 
tions and immediate incubation, either by refrigerat- 
ing after plating out or incubation before plating 
out had considerable effect on the size of the zone 
of exhibition. They concluded that for accurate 
assay comparisons an obvious gain in precision will 
be obtained if pre-refrigeration of the assay plate 
between plating out and incubation is performed. 

If plates are refrigerated to allow diffusion to pro- 
ceed before growth starts, it is important not to put 
them directly into a warm incubator. Moisture 
might condense on the lid and ruin the plates. This 
is especially true if the cylinder or cup plate method 
is used, since the assay plates can not be inverted. 
An objection is made to the refrigeration procedure 
by Sykes (1952) in a publication of the Council of 
the Pharmaceutical Society of Great Britain. It is 
claimed that there is difficulty insuring absolute 
uniformity of cooling and subsequent warming in a 
group of plates. This objection may be valid, but 
excellent results have been obtained using this 
procedure. 
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D. Application of the organism. The organism can be 

applied to the plates in a variety of ways. 

The three main ways are: 

(1) By flooding the surface of the agar with 4 
suspension of the test organism and then re. 
moving the excess fluid. Variations in zone 
diameters result from an uneven distribution of 
the culture. 

(2) By seeding the agar in bulk. This insures com- 
plete uniformity of medium and inoculum. 

(3) By pouring a layer of inoculated agar (seed layer) 
on a nutrient agar plate (base layer). This method 
has the advantage of sharpness of zones, but in- 
volves more time than the second method. 

There are modifications of all these methods, 
Instead of flooding the surface of the agar, spraying 
has been suggested (Wilska, 1947). Seeding may be 
done in each Petri dish rather than in bulk before 
the plates are poured. Reilly and Sobers (1952) 
recommended the use of plain agar as the base 
layer, when using the third method, for increasing 
sensitivity of the paper disc assay. Esposito and 
Williams (1952) and Grady and Williams (1953) in- 
creased the sensitivity by use of a single layer as in 
the second method. 

In applying the microorganism to the plate, the 
temperature of the molten agar may affect the 
assay. If it is too warm, some of the test organisms 
will be killed, while if it is too cold, it will solidify 
and become unworkable. The best temperature for 
inoculating molten agar is 50 C. Larger zones of 
inhibition resulted when bulk inoculation was done 
at 56 C than at 47 C. 

EI. Substance to be assayed. 

1. Requirements. Before a substance can be as- 

sayed, there are some intrinsic characteristics 


that the material must have. If the diffusion | 


method is to be used, the material must: 

(1) Have growth stimulatory or inhibitory proper- 
ties towards some microorganism. 

Be soluble in a solvent that will not interfere 
with the assay in the concentration used. 


(2) 
(3) Be diffusible through agar. 

If these conditions are not met, another type of 
assay method must be chosen. 

2. Dosage levels. The choice of dosage levels is de- 
pendent upon the activity of the substance upon 
any given microorganism. There is another dil- 
ference between substances which must be con- 
sidered. When antimicrobial agents are assayed 
by this method, diffusion takes place with no 
loss or utilization of the substance by the test 
microorganism. But when growth factors are 
assayed, the nutrient is utilized to the extent 
that it stimulates the growth of the microorgan- 
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outward direction, the rate of increase in the 
diameter of the zone and the intensity of microbial 
growth are affected, resulting in a gradual loss of 
sharpness in the zone boundary. 

This means that the dosage levels of the growth 
factor have to be higher than those used for in- 
hibition assays. Using higher levels of growth 
‘factor will result in sharper zones with responses 
high enough for accurate measurement. In either 
case, the actual concentration of the substance 
should be such that the response is within the 
workable range of the dose response curve. 

IV. ZONES OF INHIBITION AND EXHIBITION 

A. Types of zones obtained. Various degrees of 
growth or inhibition may occur and may affect the 
accurate reading of the zones obtained. The range 
is from the ideal zone, with well defined edges that 
are distinct and easily read, to zones that are blurred, 
diffuse and with or 
rings. 


without halos and concentric 


A variety of factors cause ill defined zones. The 
organism itself may be at fault. When B. subtilis is 
used as the test organism for penicillin assay, the 
zones are usually quite clear and distinct. When 
Micrococcus pyogenes var. aureus is used, the zones 
are not so well defined. An even finer distinction 
‘an be made between strains of M. aureus (Cholden, 
1944). In addition to the test organism itself, a 
number of degrees of sharpness can be obtained by 
variation of the density or age of the inoculum. The 
effectiveness of a substance to stimulate or inhibit 
growth may vary with the age of the culture used. 
In some cases, the constituents of the culture medium 
may cause lack of definition at the zone edges. 
Sugars markedly affect this definition (Bond, 1952). 
Peptones and yeast extracts (Goodall and Levi, 
1947) modify the type of zone obtained. 

The assay solution may be responsible, also. If 
the solution contains substances, in addition to the 
substance being assayed, that stimulate or inhibit 
growth, the type of zone will vary accordingly. In a 
By assay of materials which contained desoxy- 
ribosides in By, Cuthbertson et al. 
(1951) found two types of zones. One was caused by 
the By activity, the other by desoxyribosides. Ac- 
cording to these workers, they could distinguish 
between the two substances by the type of zone. 
Dufrenroy and Pratt (1947) attributed the growth 
increase which is seen in some antibiotic assays to 
the stimulatory effect of sub-bacteriostatic quanti- 
ties of the antibiotic. Synergism between antibiotics 
or growth factors may also cause unexpected zone 
types. As mentioned previously, Brownlee et al. 
(1948) found a double zone effect in the cup plate 
assay of streptomycin. This double edge was due to 
a small zone at the glass agar interface and a larger 


addition to 
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zone on the upper surface of the agar. By choosing 
the edges of one of these zones and reading at that 
point for all zones, the undesirable effect of a double 
zone was eliminated. 
B. Measurement of zone diameter. The diameter of 
the zones of inhibition or exhibition may be read 
using any convenient measuring device. Millimeter 
rulers, calipers, and specially designed equipment 
have been utilized. For ease of reading, zones have 
been magnified and projected on screens and several 
types of illumination boxes have been built. An 
excellent instrument! for this purpose is the one 
developed by Davis et al. (1949). 
V. Accuracy oF Resutts. The limits of error have 
been estimated by several workers. Most estimates 
have ranged from +15 per cent to +20 per cent. The 
early literature in the antibiotic field indicates the 
error of assay to be in this range. Better precision has 
been obtained, in later years, by more rigid control of 
conditions including the use of a larger number of 
replicates. The British Pharmacopoeia (1948) gave the 
limits of error (P = 0.99) as follows: 
when 10 cylinders, or cups, are used +21 % 


20 +15% 
40 +10.5% 
80 + 7.5% 


However, the latest edition (1953) included only the 
limits of error for 5 to 10 cylinders. Brownlee et al. 
(1948) obtained limits of error (P = 0.95), including 
both internal and external errors, of +5 per cent. 

Investigators of vitamin assay methods (Bacharach 
and Cuthbertson, 1948; Cuthbertson et al., 1951; 
Larkin and Stuckey, 1951) found the limits (P = 
0.95) to be +15 per cent. In the assay of riboflavin i 
malt (Bacharach and Cuthbertson, 1948), limits of 
error (P = 0.95) were reported to be +6 per cent. 

Several factors are involved. Some are controllable, 
others are not. 

The main factors are: 

1. Skill of the individual operator. 

2. Individual modification of technique. 

3. Number of discs, cylinders or cups used for each 

dilution. 

The human element is the source of some error. 
Operators can be trained, well instructed in the details 
of the assay and still obtain varied results. Tedium 
and lack of interest may attribute to discrepancies in 
technicians’ results, but varied results are also ob- 
tained by interested operators. 

The best way to overcome many of these errors is to 
use a large number of zones with a good balance be- 
tween the standard and the sample zones. Generally, 
the best balance would appear to be obtained when 
the number of zones of standard and sample are the 


~_ 


1 Commercially available from Fisher Scientific Company, 
Pittsburgh, Pennsylvania. 
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same. It has been suggested (Wood, 1946) that for 

every n zone used for the sample, n is required for the 

standard. 

Routinely, it appears advantageous to use large 
plates with several zones for each dilution in order to 
obtain satisfactory results. If greater accuracy is de- 
sired, replicate tests, on several consecutive days, can 
be run. Charts and nomographs can be prepared for 
these assays to calculate the error of each individual 
assay from internal evidence. 

VI. ADVANTAGES AND DISADVANTAGES OF THE Dir- 

FUSION TypE Assay 
A. The advantages of the diffusion type assay are the 

following: 

1. The method is readily mechanized and adapted 
for large-scale routine analysis. 

2. The method is simple and convenient. A 
variety of samples from different sources can 
be handled easily. dilutions of 
high potency material are not required. 

3. The method allows for more rigid control of 
conditions, giving an assay of greater pre- 
cision. The probable error can be readily 
calculated and the accuracy increased to any 
degree by the inclusion of sufficient replicates. 

4. Samples need not be sterile. This prevents 

possible loss of activity from sterilization pro- 

cedures. 

5. The presence of high concentrations of or- 
ganic solvents does not interfere with the 
assay. 

6. The testing of several samples on the same 
culture surface increases uniformity. 

B. The disadvantages of the diffusion type assay are 
the following: 

1. The method is relatively insensitive when 
compared to other methods of assay (that is 
turbidimetric, acidimetric, and so forth). 

2. The method is limited to those substances 
which diffuse readily in agar. 

3. The activity of a substance is measured only 
to the extent of the diffusion before multi- 
plication. 

4. There is a lack of control and definition of 

zones due to the geometry of radial diffusion. 

. The method cannot be used for comparison 
of different substances, but is limited to the 
measurement of activity of only one substance. 

6. The method cannot be used for unknown 
substances until a standard has been estab- 
lished. 


Numerous 


or 
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Inactivation of germicidal activity by hard water 
has been reported by a number of investigators (Arm- 
bruster and Ridenour, 1949; Dvorkovitz and Crocker, 
1950; Mueller and Seeley, 1951; Chambers et al., 
1955). Both synthetic and natural hard waters have 
been studied in attempts to determine more precisely 
the characteristics of inactivating systems. In general, 
it appears that the interference is a result of many 
factors interrelated in a complex way (Armbruster 
and Ridenour, 1949; Mueller and Seeley, 1951, Cham- 
bers et al., 1955; Klimek and Bailey, 1956; Meggison 
and Mueller, 1956). However, hardness caused by 
certain ions, particularly calcium, magnesium, and bi- 
carbonate, is believed to be of greater importance than 
total hardness (Armbruster and Ridenour, 1949; 
Mueller and Seeley, 1951; Chambers et al., 1955). 

Most studies of this type have been concerned pri- 
marily with the deleterious effects of hard waters on 
the sanitizing properties of quaternary ammonium 
compounds. Only rarely (Dvorkovitz and Crocker, 
1950) has attention been paid to other types of anti- 
microbial agents; phenolics have been especially 
neglected. Also, no attempt has been made to study 
possible hard water inactivation of surface disin- 
fectants using a performance test. 

Recently, the Square-Diluent method was developed 
at this laboratory for testing disinfectants under con- 
ditions of use simulating floor disinfection (Stedman 
et al., 1954a, b). This technique has been used to 
study the efficiencies of different types of disinfectants 
on various inanimate surfaces (Stedman et al., 1954b, c¢, 
1955a, b) and the physico-chemical forces involved in 
the disinfection of such materials (Stedman et al., 
1955a). In view of the many different sources of water 
which are employed in preparing disinfectant solutions 
in practice, it was felt advisable to extend past work to 
include the effects of hard water upon disinfection of 
surfaces. 

MATERIALS AND METHODS 


The following is a brief outline of the basic method: 
l-in squares of test surface are contaminated with a 
mixture of several organisms (.Wicrococcus pyogenes 
var. aureus, Salmonella schottmuelleri and Trichophyton 


1 The opinions expressed herein are those of the authors 
and are not necessarily similar to the views of the Department 
of the Navy. 

2 With the technical assistance of H. Bell and M. Sykes. 

3 Present address: Eastern Utilization Research Branch, 
Agricultural Research Service, Department of Agriculture, 
Philadelphia, Pennsylvania. 


interdigitale); the inoculum is spread and dried; the 
contaminated surfaces are exposed to disinfectant 
dilutions for 10 min at 20 C; and the survivors are re- 
covered quantitatively in differential media. In the 
present work, stainless steel squares were contaminated 
in the prescribed manner, but only recovery of M, 
pyogenes var. aureus was attempted. In some instances, 
the effects of 10 per cent normal horse serum on the 
over-all patterns of activity were also investigated. 

The synthetic hard water described in Military 
Specification MIL-D-11309A (Disinfectant, Chlorine, 
Food Service)* was employed in making the disinfectant 
dilutions. This particular hard water was chosen since 
it possesses moderately high hardness (equivalent to 
328 ppm CaCQOs;), contains the important calcium and 
bicarbonate ions, and is a standard hard water of 
accepted military significance. In this work, the hard 
water was freshly prepared for each experiment and 
aseptically handled, but not sterilized, in order to avoid 
decomposition of bicarbonate by heat. 

The effects of the hard water on the antibacterial 
activity of representative disinfectants were studied in 
the presence and absence of serum. Four phenolics 
(designated W, X, Y and Z) and three quaternary 
ammonium disinfectants (M, N = and_ Detergent- 
Sanitizer) were employed. A number of replicate tests 
were performed with each formulation, and final end 
points were obtained by averaging the percentage 
reduction for each level of disinfectant concentration. 
Two end points were calculated for each germicide: 
the highest percentage reduction obtainable with the 
method, 99.99 per cent, and a lower one, 99.9 per cent. 
The former end point can be considered the require- 
ment for disinfection; the latter end point was included 
to note possible inactivation at weaker germicidal 
dilutions where such an effect might be more evident 
(see Discussion). 

RESULTS 

Data obtained in the presence and absence of gross 
contamination (serum) are summarized in table 1. 
Since the degree of biologic variation encountered in 
tests of this type makes the detection of small differ- 
ences in activity difficult, it seems valid to conclude 
that all the formulations tested in the absence of 
serum were essentially refractory to hard water in- 
activation. In the presence of serum, similar results 
were obtained, except in the case of Phenolic Y. When 


40.054 per cent NaHCO; and 0.036 per cent CaCl, in dis- 
tilled water. 
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TaBLE 1. Effect of hard water on the antimicrobial activities of 
representative disinfectants 


Effective Dilutions 
99.99% 99.9% 
reduction reduction H99.99 H99.9 


: sale 
Product D99.99 D99.9 








Dis ? Dis ; 
tilled Hard tilled ot 
water | W8ter | water | Water 
(H) | (BH) 
D) (D) 


Without serum 


2150 |1:240 |1:230 | 1.3 0.96 


Phenolic W....... 1:120 |1 

Phenolic X...... 1:160 |1:130 |1:250 |1:190 | 0.81 | 0.76 

Phenolic Y....... 1:320 |1:320 |1:780 |1:625 | 1.0 | 0.80 

Phenolic Z....... 1:500 |1:500 |1:860 1:880 1.0 1.0 

Quat. M..... 1:2000 1:1600 0.80 | 

Bee See 1:1600 1:1600 1:6000 1:5000 1.0 | 0.83 
With serum 

Phenolic W.... 1:60 (1:60 |1:180 |1:1909 | 1.0 {1.1 


Phenolic Y...... 1:95 1:75 11190 1:90 | 0.79 | 0.47 
Quat. M.... 1:3900 1:3600 0.92 
l 


Detergent-Sanitizer 7600 \1:600 |1:15001:1100 1.0 0.73 


the 99.9 per cent reduction was employed as an end 
point, significant inactivation of Phenolic Y was 
noted, the loss in activity being approximately 50 
per cent. 


DISCUSSION 


On superficial examination, these results would 
seem to contradict the previous reports of hard water 
inactivation of the antibacterial activity of quaternary 
ammonium germicides. However, it should be empha- 
sized that all previous reports have been based on 
data obtained from test procedures which, in the 
main, simulate sanitization. The physico-chemical 
forces dominating these methods are very different 
from those existing in the Square-Diluent test, as 
previously discussed (Stedman et al., 1955a). Since the 
latter method simulates disinfection, stronger concen- 
trations of quaternaries are required to achieve sig- 
nificant kill than are needed in sanitization test proce- 
dures. Stronger concentrations provide more germicide; 
thus, the total amount of germicide present in the 
Square-Diluent test may be sufficient to satisfy the 
inactivating reactions among hard water ions, serum 
and disinfectant, and still leave sufficient active mate- 
rial for the lethal reaction with the microorganisms. If 
this concept is valid, then inactivating influences 
including the hard water effect should be more evident 
at the lower end point where less germicide is avail- 
able, and such a trend should be evident in the above 
data. Although biologic variation does not permit 
precise quantitative comparisons of the individual 
test values, these findings tend to substantiate the 
concept since the H/D values for 99.99 per cent re- 
duction are greater (showing less inactivation) than 
those for the lower end point in most cases. 

It is of interest that Phenolics X and Y, which show 


a greater tendency to be inactivated than the other 
formulations, have been found in past studies to re- 
tain less activity on changing from a nonporous to a 
porous surface than the other phenolics. With a single 
exception (detersive activity of Phenolic Y), these 
two formulations also have relatively weak physico- 
chemical properties of surface tension depression, 
spreading wetting and detergency. Perhaps these and 
related properties also play a significant role in deter- 
mining resistance to hard water inactivation. 


SUMMARY 


Representative phenolic and quaternary ammonium 
disinfectants have been tested for possible inactivation 
by a synthetic hard water of accepted military sig- 
nificance using a test procedure previously developed 
at this laboratory. The antibacterial activities of the 
disinfectants are not deleteriously affected by the test 
water when used at concentrations which insure dis- 
infection in the definitive sense. 
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The changing concept of warfare and civil defense 
during the last decade has stimulated a re-evaluation 
of diagnostic methods employed in medical bacteri- 
ology. The expeditious laboratory diagnosis of com- 
municable diseases occurring epidemiologically has be- 
come a matter of great importance. For example, 
epidemics of dysentery encountered in the Armed 
Forces may be unprecedented in size; Hardy et al. 
(1952) following such an experience have emphasized 
the pressing need for acceleration in the diagnosis of 
enteric infections. 

Investigations of epidemics or sporadic outbreaks of 
bacillary dysentery, infantile diarrhea, typhoid and 
paratyphoid fevers are complicated by the slowness of 
the usual bacteriologic procedures and the complexity 
of conventional identification systems. Indeed, newer 
knowledge regarding the biochemical and _ serologic 
characteristics of the enteric pathogens has served to 
lengthen the conventional diagnostic methods used to 
characterize them. In effect, the old and sometimes 
superfluous techniques continue to be used plus the 
newer systems which could have, partially at least, 
replaced them. 

This report describes a rapid and economic procedure 
which combines the desirable features of a booster- 
screening system reported by Sanders (1953) with the 
practical utility of the paper disc techniques described 
by Soto (1949) and Snyder (1954). The method de- 
scribed will (a) reduce over-all laboratory time re- 
quired for the definitive identification to less than 24 
hr; (b) enhance the probability of detecting multiple 
bacterial serotypes; (c) provide a simple and economic 
procedure easily adapted to the working structure of 
all laboratories. 


MATERIALS AND METHODS 


All of the experiments in this study were conducted 
using a basic agar medium seeded with various bac- 


1 This material has been reviewed and there is no objection 
to publication by the Office of The Surgeon General, Depart- 
ment of the Army. 

2 From a thesis submitted to the Graduate School of the 
University of Maryland in partial fulfillment of the require- 
ments for the degree of Master of Science. 


terial cultures onto the surfaces of which were placed 
paper bioassay discs each containing one of several 
carbohydrates. The ordinary Petri dish was used as a 
container, and all incubations were at 37 C. 

Cultures. Both stock and lyophilized strains which 
included all serotypes and group types of the enteric 
pathogens were used in these investigations. The 
salmonellae had been lyophilized immediately after 
recovery from patients suffering from typhoid, para- 
tvphoid and other enteric fevers. The shigellae in- 
cluded representative cultures of all stock strains 
maintained at the Walter Reed Army Institute of Re- 
search, and certain other lyophilized strains recovered 
from dysentery patients in the Far Kast. All Alka- 
lescens-Dispar O Group cultures had been similarly 
collected. The pathogenic Escherichia coli group strains 
were recently isolated from children suffering with in- 
fantile diarrhea. 

Preparation of paper discs containing carbohydrates. 
At the outset of this work preliminary experiments 
were conducted using paper discs 14 in in diameter 
and 1 mm thick. It was immediately apparent. that 
discs of such size could not absorb sufficient carbo- 
hydrate solution to preclude early reversal of the acid 
reactions. Accordingly, the bioassay dises of Schleicher 
and Schuell, No. 740E (14 in in diameter by 1 mm 
thickness) were employed in all subsequent experiments. 
that 
factory results could be obtained with dises contain- 
ing approximately 20 mg of substrate. Dises of this 
type were generously supplied by the Baltimore Bio- 
logical Laboratory, Inc. No difficulties were encountered 
which could be directly attributed to the use of non- 
sterile dises; masked or otherwise obscure reactions 


Further preliminary surveys revealed satis- 


never occurred. This observation suggests the potential 
utility of the method, especially under field or other- 
wise adverse laboratory conditions. 

Media: broth. A 
screening system was desired which would provide 
elimination of the 


lactose-sucrose booster booster- 


lactose-sucrose fermenting  in- 


testinal organisms prior to the preparation paper disc- 
Petri dish cultures. A medium previously reported by 
Sanders and Okabe (1953) was used for this purpose, 
and prepared as follows: 
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Tryptose. . 20.0 g 
Dibasic sodium phosphate Banter 10g 
Sodium chloride 5.0 ¢g 
Bromcresol purple (1.6%) 0.5 ml 


Water, distilled 1,000 ml 


Autoclave the basic broth medium at 15 lb pressure 
for 15 min. Allow to cool and aseptically add: 


ml 
Lactose (Difco concentrate, 10%) 10 
Sucrose (Difco concentrate, 10%) 10 


Dispense 2-m] aliquots into 13- x 100-mm test tubes 
and store in 4 C refrigerator. 

Modified basic agar medium. In all experiments, 
Phenol Red Agar Base (PRAB), a product of the 
Baltimore Biological Laboratory, Inc., was used. The 
principal constituent of this medium is a casein pep- 
tone which is free of fermentable carbohydrates, and 
contains the following ingredients: 


g 


Trypticase... 10.0 
Sodium chloride . : ; a0 
Agar ‘ . 1520 


Phenol red 0.018 


For use, 30 g of the powdered medium were added 
to 1,000 ml of distilled water and dissolved with the 
aid of heat, followed by the addition of: 


It was then sterilized in the autoclave under 15 |b 
pressure for 15 min. The final pH was 7.4. 

The modified PRAB medium provided a source of 
sulfur as well as a metallic salt which has resulted in a 
unique and apparently accurate method for the rapid 
detection of hydrogen sulfide. Kligler’s iron agar was 
used as a control medium in conjunction with this 
modified PRAB medium throughout these experi- 
ments. It was selected because of its wide usage as a 
double sugar-iron substrate, and serves a purpose in 
conventional methodology similar to that of the 
modified PRAB medium in the paper disc-Petri dish 
technique reported here. 

Scheme of identification employing paper disc-Petri 
dish technique. Initial isolation procedure was ac- 
complished by streaking a loopful of fecal material 
which had been artificially seeded with various combina- 
tions of test cultures onto the surfaces of SS (Sal- 
monella-Shigella) and MacConkey’s agar plates. Follow- 
ing incubation for 15 hr at 37 C further identification 
Was carried out according to the procedure outlined 
in figure 1. Three nonlactose-fermenting (colorless) 
colonies were picked with a sterile needle and trans- 
ferred into 3 tubes each of lactose-sucrose booster 
broth which had been preheated to 37 C. Following 
inoculation, the booster broth cultures were replaced 


Sodium thiosulfate 0.6 in a 37 C water bath for 2 hr, after which all tubes 
Ammonium ferrous sulfate 0.4 showing an acid reaction were discarded as non 
8 HRS. LESS THAN | HR. 
15 HRS. 
INITIAL ISOLATION SCREENING PRESUMFTIVE SEROLOGY 





SAMPLE 


SINGLE 
COLONY 





2HR 
Mac CONKEY'S AGAR | 


MOTILITY 











LACTOSE-SUCROSE 
BOOSTER BROTH 


ANTIGEN FOR SEROLOGY 
INDOL (KOVAC’S) 


G) + &GAS 
(™) + & GAS 
HS + SALMONELLA POLYVALENT 


INDOL- E. COLI OB ANTISERUM 


jeu / 


() + Gas 


CONFIRMATION 


PRAB-DISC 6) + (V) MOTILITY 
POUR PLATE < 
+ A 
in (™) = GAS 
H2S- oa 
INDOL + 


SHIGELLA POLYVALENT 


©)+ w/wo GAS 
(™) + OR - 


H2S- 


SAL. GROUP D (TYPHOSA) 


E. COLI OB ANTISERUM 
INDOL +OR - 








Fic. 1. Outline of simplified procedure for identification of enteric pathogens using paper discs 
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pathogens, that is, Proteus, Aerobacter, Escherichia, 
and so forth. 

Pour plates were next prepared by inoculating 0.15 
ml of each remaining alkaline booster broth into 25 
ml of the melted modified basic medium (PRAB). 
After the seeded medium has hardened, four carbo- 
hydrate discs, each one containing a single sugar (G, 
glucose; L, lactose; S, sucrose; M, mannitol), were 
affixed one to each quadrant of the cultural surfaces. 
Reactions were recorded following 6 and 24 hr of in- 
cubation at 37 C. 

Motility was determined by examining a drop of the 
alkaline booster broth cultures in a hanging drop 
preparation. At this time the booster broth cultures 
were also divided into two equal portions, one to be 
treated with Kovac’s reagent for the indole reaction, 
while the other was retained for use as an antigen in 
the presumptive serologic tests. 

Serologic screening was performed by placing a drop 
of appropriate polyvalent antiserum, diluted as indi- 
sated for the lot, on 1- x 3-in glass slides marked in 
approximately 15-in squares. Using a large loop, a 
single portion was transferred from the booster broth 
antigen and mixed directly into the diluted antiserum 
on the slide. For strongly positive reactions to occur 
rapidly, it was found necessary to prepare heavily 
turbid mixtures. 
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RESULTS 

A total of 206 cultures representative of the Entero. 
bacteriaceae, which included those pathogenic to man 
were used to check the reactions of this method. At 
least two serotypes of each serologic group within the 
salmonellae and shigellae were used. Three strains 
each of the several F. coli Group O cultures were also 
investigated; all were serotypes associated with diar- 
rheal disease. Other cultures included members of the 
Alkalescens-Dispar O Group, Bethesda-Ballerup, Para- 
colobactrum intermedium, and Escherichia freundii, 
Cultures of Alcaligenes faecalis, Proteus morganii, and 
Proteus vulgaris were processed merely to check their 
reactions for comparison with those demonstrated by 
conventional methods. Reactions obtained employing 
these microorganisms, characteristic of their respective 
groups are shown in table 1. Excellent correlation was 
obtained with the control cultures on Kligler’s iron 
agar in all tests. 

Acid and acid and gas production. The fermentation 
of carbohydrates to produce acid and gas was readily 
apparent in the paper disc-Petri dish cultures after 
6-hr incubation, and was manifested by development 
of a yellow zone(s) around and under the dise(s). The 
formation of gas, when present, was evidenced by the 
splitting of the medium within the acid or yellow 
zones (figure 2). Contrary to the experience of M. L. 


TABLE 1. A comparison.of biochemical reactions obtained by paper disc-Petri dish technique with 











Organism Sw 
Glucose Lactose 
Salmonella 
ee AG/AG* —/- 
MMI re iis cig n.d iste ine oss ot A/A -/- 
Shigella 
dysenteriae... Te A/A —/- 
flexneri. . eee 6 A/A —/- 
flexneri 6.. AG/AG —/- 
Escherichia coli 055... AG/AG AG/AG 
Alkalescens-Dispar Ol........... A/A —/- 
Proteus 
MEER Hes Seci as seas ah ews A/A —/- 
vulgaris... AG/AG —/- 
Alcaligenes faecalis. ...... a —/- —/- 
Pseudomonas aeruginosa.... —/- —/- 





* AG/AG: Acid and gas reactions recorded at 6 and 24 hr, respectively. A/AG: Acid reaction recorded at 6 hr; acid and gas, 


HS positive at 24 hr. 
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Fig. 2. Configuration of paper dise-Petri dish culture reac- 
tions. 


Snyder (personal communication), no difficulty was 
encountered in the detection of gas, and no failures 
were recorded with the numerous aerogenic strains 
tested. Similarly, among the anaerogenic shigellae, a 
strain of Shigella flerneri 6, the single gas-producing 
member, was detected with ease after 6-hr incubation 
at 37 C. 

Complete reversal of the acid zones never occurred 
before 36 hr, although it took place rapidly thereafter. 
However, such reversal of reaction did not prevent de- 
tection of delayed acid formation by the late lactose 
fermenting strains of /. coli, which sometimes did not 
occur before 5 days. Plates held as long as 7 days 
displayed no evidence of gross contamination or 
marked dehydration of the medium. 

Kligler’s iron agar was used as the control medium 
in conjunction with the experimental PRAB, and again 
excellent correlation was obtained after 24-hr incuba- 
tion. However, only the PRAB medium was capable 
of demonstrating reliable results after 6-hr incubation. 

Hydrogen sulfide production. The striking results 
obtained with known H.S producing cultures were un- 
expected. It had been assumed that active HS pro- 
ducers would cause a blackening of the entire basic 
medium because of the fairly even distribution of 
bacteria throughout the poured plates. Conversely, 
the metallic sulfide indicative of HS production oc- 
curred only at the periphery of the acid zone(s) around 
the carbohydrate disc(s) which were fermented (figure 
2). In no instance did it ever occur in the absence of 
acid formation. 

The experimental PRAB medium used in the paper 
disc-Petri dish method was superior to Kligler’s iron 
agar slants for HS detection. The remarkable dif- 
ference between the two mediums was the ability of 
the PRAB medium to elicit the reaction in 6 hr. Of 
interest also was the observation that several strains 
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of Salmonella typhosa failed to produce H.S gas in the 
presence of glucose, although they actively formed it 
in the presence of mannitol. 

Motility and indole ‘reaction. The booster-screening 
broth proved to be a satisfactory vehicle for the 
motility and indole determinations. Motility was 
quickly determined by examining a drop of the broth 
culture in a hanging drop preparation following the 
initial 2-hr incubation period. At this time 1 ml of 
the remaining alkaline broth cultures was treated 
with 0.5 ml of Kovac’s reagent, and the indole reactions 
were promptly detected, with no interference caused 
by the carbohydrates present in the booster-screening 
medium. In these studies, except among the shigellae, 
there appeared to be an inverse relationship between 
indole formation and H.S production. Since a relation- 
ship of this kind is apparent when conventional meth- 
ods are employed, it was regarded as a point of con- 
firmation of the rapid technique employed here. 

Discussion 

The paper disc-Petri dish method used in conjunc- 
tion with a booster-screening system as described in 
this paper offers a practical method for the cultural 
differentiation of enteric pathogens in a short period of 
time. The basic medium (PRAB) containing sodium 
thiosulfate and ammonium ferrous sulfate used in 
conjunction with a set of four carbohydrate discs 
constitutes a simple and expeditious diagnostic system. 
It is one that could be utilized under the most adverse 
laboratory conditions without concern for problems 
such as preparation of fresh materials, and the exact- 
ing task of carbohydrate solution preparation and 
sterilization. If necessary, the paper disc-Petri dish 
method can be used independently of the lactose- 
sucrose booster broth without sacrificing speed or ac- 
curacy. The use of a single basic medium differs from 
the usual multiple sugar media in two respects: (a) 
It is a more simple matter to detect organisms of 
doubtful pathogenicity from information derived by 
using plates than from multiple sugar tubes, and to 
observe whether such organisms are occurring in a 
series of epidemiologically related cases; and (b) streak- 
ing for purity required in descriptive bacteriology can 
be eliminated by careful colony selection because 
impurity is more readily discernible on agar surfaces 
than in tubes of liquid media. 

Paper discs proved to be an excellent vehicle for 
carbohydrates when used on the surfaces of seeded 
agar plates, although it was found important that they 
contain an adequate amount of sugar. When carbo- 
hydrates are placed in paper discs and used in this 
manner, each covering a small section of an agar plate, 
diffusion becomes an important factor. The detail, 
sharpness and size of the acid zone depends on a 





40 A. C. SANDERS, J. E. FABER, JR. AND T. M. COOK 


balance determined by the amount of fermentable 
substrate, the rate of utilization, and the alkalinity 
produced by further growth of the culture. For reasons 
such as these, it was found necessary to use paper discs 
sufficiently large to contain a reservoir of sugar, thus 
preventing reversal of the acid reactions for as long as 
36 hr. 

The method outlined in figure 1 was found to be 
well suited for the practical application of the paper 
dise-Petri dish technique. As shown, the isolation- 
identification procedure is divided into three phases, 
namely, initial plating, screening, and presumptive 
serology. The time required for initial plating (18-24 
hr) when conventional methods are used remains 
excessively long, and it is in this phase of diagnostic 
procedure where additional time can be saved. There is 
no contradictory information available and, indeed, 
Bicknell et al. (1952) have shown that 
fermenting colonies may be picked from a selective 
medium in 10 to 12 hr following inoculation. In the 
course of the artificial seeding experiments conducted 
in this work, all initial isolations were performed after 
15 hr of incubation, although growth was sufficiently 
heavy to have allowed colony picking earlier. Careful 
selection and picking of colonies was considered essen- 
tial, and such practice insured the detection of multiple 
serotypes present in a single fecal sample. This has 
been shown to be of paramount importance in the 
effective management of epidemic enteric disease. 
Using conventional methods, 
practice would impose an almost impossible workload 
on well-staffed and -equipped laboratories. 

The initial plating and screening phases of the 
method described have been successfully used in ex- 
tensive field trials by A. V. Hardy (personal communica- 
tion) and O. Felsenfeld (personal communication), but 
experience has shown a requirement for a biochemical 
screening system more rapid and accurate than those 
which are dependent on Kligler’s iron agar. The re- 
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sults obtained in this study would indicate that the 
modified PRAB medium employed with a set of four 
‘arbohydrate discs admirably satisfies this need from 
both the standpoint of rapidity and accuracy. 


SUMMARY 


A modified phenol red agar base medium and a new 
method for the rapid characterization of enteric 
pathogens which combines the desirable features of a 
booster-screening system with the demonstrated 
utility of a paper disc-Petri dish technique are described, 

A new method for the rapid detection of hydrogen 
sulfide has been demonstrated. 

The reactions of this medium and method were 
checked with 206 cultures, including selected patho- 
genic members of the Enterobacteriaceae. Ixcellent 
correlation was demonstrated between the reactions 
obtained by the experimental method and the control 
Kligler’s iron agar medium. 

Use of this paper disc-Petri dish technique provided 
for complete isolation and identification of enteric 
pathogens in less than 24 hr after receipt of the fecal 
sample. 
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For many years, investigators have attempted to 
inhibit yeast growth and fermentation in fresh, un- 
darified apple juice in order to increase its shelf-life. 
At low temperatures, quality deterioration of apple 
juice is minimized due to the low metabolic activity of 
the yeast cells. Gore (1910) observed no fermentation 
inapple juice held at 0 C for periods of 36 to 86 days, 
and Poe and Field (1947) could not detect any quality 
changes in juice stored at 4 C for 60 days. Since the 
storage of apple juice at low temperatures has been 
considered expensive and impractical, chemical addi- 
tives have been studied for their inhibitory effect on 
yeasts in apple juice. Rice and Markley (1921) and 
Tanner and Strauch (1926) found that 0.1 per cent 
sodium benzoate in apple juice inhibited the growth 
of yeasts; however, sodium benzoate in this concen- 
tration imparts an undesirable flavor to the juice 
(Fabian and Marshall, 1935). Bloom 
1942) found that sodium benzoate was a more ef- 
fective inhibitor of yeast growth than chloroacetic 
acids. Sorbie acid, an unsaturated fatty acid, inhibits 
yeast growth in pickle brines (Jones et al., 1956; Jones 
and Harper, 1952; Phillips and Mundt, 1950); pre- 
liminary studies (Salunkhe, 1955) have indicated its 
effectiveness in apple juice. The investigation reported 
here represents a study of the effect of sorbic acid on 
yeast growth in fresh, unclarified apple juice. Since it 
has been reported (Melnick et al., 1954) that sorbic 
acid is oxidized in solution, ascorbie acid was added as 
an antioxidant to juice with and without sorbic acid 
to determine its effectiveness in extending the fungi- 


Fabian and 


static action of the latter in apple juice. 


MATERIALS AND METHODS 


Source of juice. The juice used in this study was 
pressed from sound, washed McIntosh apples which 
had been stored at approximately 1 C for 5 mo. The 
apples were ground in a grater mill and the juice was 
pressed from the pulp in a rack-and-cloth press with a 
pressure of 3000 psi. The expressed juice was strained 
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through four layers of cheesecloth to remove pieces of 
apple pomace. 

Preparation of samples. In the initial studies, juice 
lots containing 0, 0.01, 0.02, 0.03 and 0.04 per cent 
sorbic acid were prepared. In addition to the yeasts 
and other microorganisms initially present in this 
juice, each of these lots was inoculated with washed 
Saccharomyces ellipsoideus (Maury) cells which were 
grown in apple juice (pH 3.89). Ascorbic acid was 
added to one-half of each lot in order to obtain a con- 
centration of approximately 50 mg per 100 ml of 
juice. The juice of all the lots was poured into 8-oz 
screw-top glass bottles and the caps were left loose to 
allow the escape of carbon dioxide if fermentation 
occurred. The bottled juices were stored at approxi- 
mately 25 C for periods of 0, 1, 2, 3, 4, 7, 10 and 14 
days. 

Subsequent studies were conducted to obtain de- 
tailed information on the effect of 0.035 per cent sorbic 
acid in apple juice, with and without added ascorbic 
acid (50 mg per 100 ml of juice), on the growth of the 
normal yeast flora in freshly pressed apple juice and 
similar juices inoculated with Maury and Tokay 
strains of Saccharomyces ellipsoideus. The juice was 
adjusted with malice acid to produce a final acidity of 
6.5 per cent expressed as malic acid. In these studies, 
the 8-oz screw-cap bottles were filled to the top and 
the caps were screwed tightly to prevent the entrance 
of oxygen into the bottles. These juices were stored at 
approximately 25 C for periods of 0, 1, 2, 3, 4, 5, 7, 
10 and 14 days. 

Analytical methods. The pH values of the juices were 
determined with a Beckman model H pH meter. 
Soluble solids were measured using an Abbe refractom- 
eter at 25 C. Total acidity of the juice was deter- 
mined by titrating 10 ml with 0.1 “ sodium hydroxide 
solution using phenolphthalein as an indicator. The 
2 ,6-dichlorophenolindophenol titration method (As- 
sociation of Vitamin Chemists, 1951) was used for 
estimating ascorbic acid. Yeast counts were deter- 
mined by plating the juices with malt agar acidified to 
pH 3.9. All analyses were conducted on duplicate 
samples. 

RESULTS AND Discussion 


Results of initial studies of the effect of sorbie acid 
on growth of yeasts in unclarified apple juice with and 
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without added ascorbic acid are reported in table 1. A 
concentration of 0.01 per cent sorbic acid in the juice 
did not control multiplication of the yeast cells. How- 
ever, yeast growth in juice containing 0.02 per cent 
sorbic acid was inhibited. With 0.03 and 0.04 per cent 
sorbic acid in the juice the number of viable veasts 
decreased steadily during storage, indicating that the 
sorbic acid in these concentrations exerted a fungistatic 
or fungicidal action on the yeasts. This fungistatic or 
fungicidal action was not affected by the added as- 
corbic acid. 

Although concentrations of 0.02 to 0.04 per cent 
sorbic acid prevented yeast fermentation in these 
juices, they did not control acetic acid bacteria also 
associated with this product. This parallels the work 
of Scott and Will (1921), who found that 0.2 per cent 
sodium benzoate inhibited yeast growth but was in- 
effective against Acetobacter in apple juice. In these 
studies the acetic acid bacteria were observed in juice 


TABLE 1. Effect of sorbic acid on yeast development in fresh 
apple juice 


Number of Yeasts per Ml of Apple Juice (X 105) 





Concen- 
tration = — 
_ of. 
— Ini- | 1 2 3 4 y 10 14 
= tial day days days days days days days 
mg 
c /- 100 
ml 
0 0 28 75 160 (1050 4500 7500 7200 5300 


50 25 46 (100 690 2220 7900 7000 6000 
0.01 0 49 57 301 (1660 5100 7300 (8800 5300 
50 57 48 180 740 «2480 ©5400 8500 4200 


0.02 0 19.422.9 19.5 50 : s n.d. n.d. 
50 |23.1/19.2) 20.2; 15.6 15.5 9.8) 11.0 . 

0.03 0 17.614.3 13.0 7.1 ? sf n.d. n.d. 
50 |17.7|18.3) 12.0| 6.8; 3.8 0.9) 0.3 0.2 

0.04 | O |15.210.4) 6.7) 7.3) * 2s n.d. n.d. 
50 |16.012.5| 6.7) 2.5 0.7|' 0.2) 0O.1*| 0.04 





n.d. = no analysis done. 
= Appearance of Acetobacter colonies in culture plates. 


Concentration 
of Sorbic 


Added 


Ascorbic 
Acid Added Se 
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samples containing no ascorbic acid on the fourth day 
of storage, but the addition of ascorbic acid inhibited 
their growth for 10 to 14 days. This delayed appearance 
of Acetobacter in the ascorbic acid-treated samples was 
attributed to the adverse effect of the antioxidant on 
these strictly aerobic bacteria until such time as the 
concentration of the antioxidant was reduced to a 
point where it was no longer able to control aerobic 
growth. 

Subsequent studies confirmed the results of the 
initial experiments. As seen in table 2, control juices 
with and without added inocula showed active fer. 
mentation in 24 to 48 hr. In contrast to this, fresh 
juices treated with 0.035 per cent sorbic acid, with or 
without added yeast inocula, completely inhibited 
fermentation—although survival studies showed that 
the Tokay strain of Saccharomyces ellipsoideus was 
somewhat more resistant to sorbie acid. Again Aceto- 
bacter developed in 4 to 7 days in those samples which 
had been analyzed initially. After incubation for 10 
days, 75 per cent of the remaining unopened samples 
showed Acetobacter in large numbers. Similar juices 
treated with ascorbic acid showed no evidence of 
Acetobacter in full, tightly capped containers after an 
incubation period of 14 days but an atypical button- 
like growth did occur in two bottles so-treated but 
incompletely filled. This growth was attributed to 
small air spaces in the necks of these bottles which 
provided sufficient oxygen for limited development of 
this strictly aerobic organism. 

Soluble solids and titratable acidity remained rela- 
tively unchanged in sorbic acid-treated juices (table 3) 
over the 2-week period of analysis. Control juices, on 
the other hand, showed an active fermentation ae- 
companied by a drop in soluble solids and an increase 
in acidity. 

The ascorbic acid content of samples so treated with 
this compound indicated that it was stable if the 
bottles were filled and tightly capped. The concentra- 


TABLE 2. Effect of sorbic acid on yeast growth in fresh apple juice with and without added ascorbic acid 


Yeast Count per Ml Juice (Using Acidified Malt Agar) 





Inoculum 





Acid Initial 1 day 2 days 

% mg/100 ml 
None 0 0 700 1,100 14,000 
Maury* 0 0 86,000 | 282,000 6,700,000 
Tokay* 0) 0 6,700 8,000 40 ,000 
None 0.035 0 800 100 
Maury 0.035 0 94,000 73,000 42,000 
Tokay 0.035 0 6,400 8,600 7,400 
None 0.035 50 800 60 
Maury 0.035 50 118,000 | 81,000 32,000 
Tokay 0.035 50 8,700 14,400 4,000 





* Maury and Tokay strains of Saccharomyces ellipsoideus. 
+ Indicates first appearance of Acetobacter in samples analyzed initially. 
t Indicates first appearance of Acetobacter in previously unopened samples. 





10 days 14 days 





3 days 4 days 7 days 
620,000 2,120,000 34,000,000 39,000,000 | 35,000,000 
4,800,000 | 12,800,000 8,200,000 | 11,600,000 | 13,600,000 
80,000 128,000 | 2,080,000 4,900,000 | 7,600,000 
<10 75t <10 <10t 
21,100 8,700t 510 <10f 
7,000 6, 0007 <10t 
<10 12 130+ 17 <10 
18,600 13,000 6,000 260 204 
8,500 


7,500 880 380 57 
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TaBLE 3. Effect of sorbic and ascorbic acids on soluble solids and 
titratable acidity in fresh apple juice 


Days of Incubation 


Treatments 0 1 | 2 | ' | 7 | 10 | 14 
Soluble solids (% ) 
Controls..... 13.1} 12.8} 12.6] 11.8) 10.5) 9.7) 8.8 
Juice + 0.035% sorbic 
acid 13.2) 12.7| 12:8) 12.7] 12.8) 12.9 
Juice + 0.035% sorbic 
acid + ~~ ascorbic 


acid* 13.1} 12.7) 12.8) 12.8) 12.9) 13.0) 13.0 
Acidity (% malic) 


Controls 0.508 0.580 0.636 0.691 0.687 0.672.0.802 


Juice + 0.035% sorbic 


7 0.533 0.533 0.533 0.532 0.537 0.556 
Juice + 0.035% sorbic 
acid + ascorbic 


acid* . 0.538 0.538 0.544 0.546 0.544 0.541 0.542 


* Approximately 50 mg per 100 ml of juice. 


TaBLE 4. Retention of ascorbic acid in fresh apple juice* in 
loosely capped and tightly-capped containers 
Concentration of Retained Ascorbic Acid 


(mg/100 ml) 
Capping of Containers 


Ini 1 2 3 4 7 10 14 

tial day days days days days days days 
Loosely capped 15.544.543.545.0 31.2 14.7 14.7| 7.8 
Tightly capped 16.8 15.4 42.6 45.5 43 .5)41.7 


* Juices contained 0.035°% sorbie acid and 50 mg of ascorbic 
acid per 100 ml. 


tion of ascorbic acid dropped rapidly in containers 
having large head spaces or loose caps (table 4), 
thereby making conditions favorable for the develop- 
ment of Acetobacter as mentioned above. This loss of 
ascorbic acid is in agreement with the conclusions of 
Johnson (1943) and (1942)—the former 
attributing the loss to oxidation, the amount of oxida- 
tion being dependent on the size of the air space in the 


Strachan 


container, and the latter reeommending replacement of 
air in the headspace with nitrogen before sealing the 
containers. These workers, however, used processed 
apple juice. 

Sorbic acid in concentrations up to 0.085 per cent 
could not be detected in these juices by a tasting 
panel. However, off-flavors, attributed to oxidative 
enzymes and to acidity produced by the growth of 
Acetobacter, did occur in some juices stored at 25 C. 
This evidence of deterioration was delayed by a com- 
bined sorbic acid-ascorbic acid treatment. Sorbie acid 
when added alone to apple juice under the conditions 
of these studies provided a satisfactory sweet fresh 
juice for 4 to 10 days; properly sealed sorbic acid- plus 
ascorbic acid-treated juices were rated ‘‘very good” 
after incubation for 14 days at approximately 25 C. 


SUMMARY 


It can be concluded from these studies that sorbic 
acid in low concentrations which cause no noticeable 
flavor changes will effectively prevent yeast fermenta- 
tions in fresh, unpasteurized apple juice. Nevertheless, 
sorbic acid is not a complete preservative of this 
product, since control of the above-mentioned fungi 
created conditions favorable for the growth of acetic 
acid bacteria which developed after approximately 4 
days in nonfermenting juice in incompletely filled or 
loosely capped containers. The addition of ascorbic 
acid, an antioxidant (in conjunction with the sorbic 
acid), inhibited the growth of these Acetobacter if air 
was excluded from the containers by complete filling 
and tight capping. A relatively small air space in the 
neck of a container was sufficient to permit a limited 
development of Acetobacter. On the basis of these re- 
sults, therefore, it is concluded that fresh, unpasteurized 
apple juice containing 0.035 per cent sorbic acid and 
approximately 50 mg ascorbic acid per 100 ml of juice 
may be preserved without refrigeration for a minimum 
period of 2 weeks with little loss of flavor or quality. 
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Present industrial practice in submerged fermenta- 
tions of the aerobic type requires the dispersion of 
large quantities of air, and the dissipation of large 
amounts of electrical energy in motor-driven agitators. 
Most fermentation media foam vigorously under these 
conditions, and require the addition of some type of 
antifoam agent or the use of special mechanical foam- 
breaking equipment to confine the foam to the fermen- 
tor. Equipment of this type has been described by 
Edwards (1946), Gordon and Veldhuis (1953), Humfeld 
et al. (1952) and Naucler (1948). 

Several types of submerged pure-culture fermenta- 
tions of the aerobic type are carried out at this labora- 
tory, and the foaming problem has been encountered 
in nearly every case. Liquid antifoam agents are used to 
control foaming. These include soybean and lard oils, 
industrial oil-base antifoam agents, silicone suspensions, 
higher alcohols, and ethanol solutions of higher alco- 
hols such as octadecanol. 

A number of devices available on the market permit 
the addition of antifoam agent from a reservoir when 
foam reaches a predetermined level in a tank. Some of 
these devices operate at high potentials and offer some 
danger of electric shock. A recent paper by Echevarria 
(1955) described an electronic foam controller actuated 
by two electrodes, and functioning in a manner such 
that the foam is maintained at or below the upper 
electrode tip. Stefaniak et al. (1946) described a foam 
control system in which a definite increment of anti- 
foam is added to a fermentor each time an insulated 
electrode is contacted by the foam. Hersh et al. (1938) 
described an electronic interface controller that may 
be used as a foam controller. 

This paper describes an electronic foam controller 
which operates at low electrode voltage, is simple and 
easy to construct with components readily available 
from radio and electric supply companies, and has 
features not obtainable in some marketed devices of 
this nature. 


Foam CONTROL SYSTEM 


Figure | is a diagrammatic sketch of the foam-control 
system used at this laboratory. Sterile antifoam agent 
is kept in the reservoir under slightly higher pressure 
than that used in the fermentor. When foam rises and 
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Fig. 1. Foam control system 


contacts the insulated electrode, the relay of the elec- 
tronic antifoam controller is actuated, the solenoid 
valve is energized in accordance with the cyclic pro- 
visions of the timer, and small increments of antifoam 
agent are added until the foam subsides below the 
probe. If desired, the anti-foam agent may be sprayed 
into the fermentor through some type of spray nozzle. 

igure 2 is a schematic diagram of the electronic 
foam controller, and table 1 lists the materials required 
for its construction. The controller includes a timer 
which allows cyclic energizing of the solenoid valve, 
so that reaction time is provided after each incremental 
addition of antifoam agent. Sensing is accomplished 
in a simple grid bias circuit in which the grid of the 
control tube becomes negative with respect to the 
cathode when foam touches the insulated probe, the 
plate current through the relay decreases abruptly, 
and the solenoid valve is actuated as permitted by the 
timer. 
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ELECTRONIC FOAM CONTROLLER FOR FERMENTORS 
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Fic. 2. Electronic foam controller, schematic diagram 


Figure 3 is a photograph of a controller that contains 
only one sensing circuit. The foam controller was 
adapted from an interface controller developed at this 
laboratory for use with a liquid-liquid extraction 
process. Operation of the foam control system is more 
dependable if the solenoid valve is spring-loaded. 


OPERATION 

Advantages accruing from the addition of minimum 
amounts of antifoam during an aerobic fermentation 
process are threefold. These are as follows: maintenance 
of oxygen absorption rates close to those desired; 
elimination of the possibility of inhibiting the growth 
of the organisms or altering the normal metabolic 
pathways; simplification of the recovery of the fermen- 
tation product. 

In operation, the reservoir for antifoam agent and 
all connecting lines are sterilized with steam for about 
2 hr at 250 F, and the steam is replaced with sterile 
air during cooling. Sterile antifoam agent is transferred 
aseptically to the reservoir, and the pressure of sterile 
air is adjusted to several pounds above that in the 
fermentor. The electronic foam controller is actuated, 
and the timer is adjusted to allow introduction of anti- 


TaBLE 1. Components required for electric foam controller 

Ti = Power transformer, primary 115 v. 60 ~, secondary 
480 v. at 55 ma., 5 v. at 2 a., 6.3 v. at 2 a. 

Se, S83; = Toggle switches, SPST, 125 v. at 3 a. 

= Automatic time switch for control of repeating 
schedules, total cycle 30 sec, variable on-time between 
1 and 99 per cent of total time cycle. 

F = Fuse, 250 v., 2 a. 

Vi = Tube, type 80 or equal. 

Vo, V3; = Tube, type 76 or equal. 

C, = Dry electrolytic capacitator, 10 mfd., 450 v. 

Ri, Re, Ri, Rs = Resistor, 20,000 2, 10 w. 

R3, Re = Resistor, 5,000 Q, 5 w. 

Rz, Rs = Potentiometer, 10 Meg., type A. 

PLi = Pilot light, No. 44, 6.3 v. 

PL2, PL;, PLy = Pilot lights, 115 v., 3 w. 

SOL: = Antifoam agent solenoid valve, packless, 115 v. 60 ~ 

PCR:, PCR: = Plate circuit relays, SPDT, 5000 Q. 
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foam during 2 see out of each 30. The throttle valve is 
adjusted to control the dosage. The sensitivity of the 
controller is adjusted by variable resistor R; so that 
the solenoid valve is energized if the electrode-ground 
resistance drops to about 100,000 ohms. This is accom- 
plished readily by shorting across the electrode to the 
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Fic. 3. Foam controller—1 sensing circuit 
fermentor with the fingers, and adjusting R; so that 
the solenoid valve is then energized. 

Switch S: may be closed to add antifoam agent to 
the fermentor when the probe is not covered, and 
switch 8; may be closed to cut out the timer if this is 
desired at any time. 

J. C. Lewis at the Western Utilization Research 
Branch, USDA (1956, private 
incorporated an electronic controller of this type into 
the foam control system in a 50-L fermentor. In this 
installation a small stainless-steel oxygen tank is em- 
ployed as an antifoam reservoir. Two valves next to 
the tank with unions beyond permit the tank to be 
removed for sterilization or weighing. The tank is 
vented to the fermentor head to permit gravity flow of 
antifoam agent as required. 


communication), has 


OTHER APPLICATIONS 


The electronic controller may be used for other pur- 
poses, such as level control, or interface control in 
liquid-liquid systems. The instrument serves as a 
simple and inexpensive level indicator when a multi- 
plicity of probes are used and a corresponding number of 
sensing circuits are incorporated into the controller. 

A second sensing circuit is shown at the right in the 
diagram of figure 2. Figure 4 is a photograph of a con- 
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Fic. 4. Foam controller—2 sensing circuits 


troller containing two sensing circuits. One sensing 
circuit detects and indicates foam and operates a sole- 
noid valve to allow the addition of antifoam agent. The 
second circuit detects and indicates the presence of 
foam in the closed vent line, and serves as a safety 
warning in case of any malfunction in the entire foam 
control system. 
Discussion 

Controllers of the type described in this paper have 
been in operation at this laboratory for 6 years, and 
have proved to be quite satisfactory. Some difficulties 
were experienced with those fermentations that foamed 
uncontrollably in the early part of the fermentation | 
cycle. In these, foam rose to the top, left a residue on | 
the probe, and shorted it. In this case it was necessary 
to wash the electrode. In pure-culture fermentations it 
was necessary to provide a spray of sterile liquid to 
eliminate removal of the electrode from the fermentor 
for washing. 

In most fermentations the tank was left unattended | 
overnight, and the foam controller was successful in | 
maintaining the contents inside the tank, with a mini- 
mum consumption of antifoam agent. 
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for development of the interface controller from which 
this foam control device was adapted. 


SUMMARY 


This paper describes the construction and operation 
of an electronic foam controller suitable for use with 
fermentation vessels. Details are given of a complete 
foam control system making use of the electronic con- 
troller for the control of fermentations of the aerobic 
type in which large quantities of air are dispersed, and 
large amounts of electric energy are dissipated. 

The electronic foam controller operates at low elec- 
trode voltage, and is simple and easy to construct. 
Components are readily available. The controller is 
actuated when foam in the fermentor touches an in- 
sulated electrode, and small increments of antifoam 
agent are then admitted as permitted by a timer. 

The controller may be used for other purposes, such 
as level control, or interface control in liquid-liquid 
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systems. By incorporating several sensing and acti- 

vating circuits into the controller, it may be used to 

perform several functions simultaneously. 
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Stabilization lagoons, in which secondary treatment 
of waste waters is accomplished through the combined 
activities of bacteria and algae, are being used exten- 
sively, especially as a substitute for more complex 
and expensive methods. In the lagoons, bacteria pri- 
marily decompose the organic constituents of the 
wastes, making them available to the algae. The algae, 
by way of photosynthesis, release oxygen which, in 
turn, is used by the bacteria to oxidize the wastes. 
Whenever photosynthesis is utilized for oxygenation 
in waste treatment, ultimate disposal of the algal cell 
material, produced simultaneously with oxygen, may 
require further processing. 

In low-rate deep lagoons in which the approximate 
treatment rate is less than 30 lb of 5-day BOD per 
acre ft per day (Caldwell, 1946; Van Huvelin and 
Svore, 1954), the disposal problem is either minor or 
nonexistent, since algae are in concentrations rarely 
exceeding 20 mg per L. Many of the algae in these 
lagoons are consumed by planktonic phagotrophs such 
as Daphnia or Cyclops, or slowly settle and become part 
of the complex at the lagoon bottom. Much of this 
settled material is consumed by Chironomas larvae, 
Which flourish in rich organic sediments when a small 
amount of oxygen is available (Kellen, 1956). In sec- 


tions of the pond bottom where anaerobiosis exists, 
digestion occurs and algal carbon is converted into 
organic acids, carbon dioxide, and methane. A large 
fraction of the suspended algae is entrained in pond 
currents and is discharged into the receiving streams, 
where the algae serve as food for aquatic organisms. 
Because of their low settling velocities, unicellular 
algae ordinarily do not settle in streams, and hence do 
not immediately become part of stream-bottom de- 
posits. Natural processes thus solve the problem of 
algal disposal in low-rate ponds, excess carbon, nitrogen, 
and energy being dispersed into the atmosphere and 
waters. 

In high-rate shallow lagoons, sewage may be applied 
at several times the rate used in low-rate lagoons, and 
photosynthesis is practically the sole source of oxygen 
for aerobic biologic decomposition of wastes. Algal 
concentrations frequently reach 400 mg per L. Because 
of the high concentrations of algae characteristic of 
this process, suitable provision must be made for the 
ultimate disposal of the algal crop. If permitted to 
settle, the algae become a part of the bottom deposits 
and ultimately die. The algal debris then undergoes 
fermentation, and substances toxic to algae, such as 
H.S, are produced. In addition, rising gas resulting 
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from active fermentation brings about an increase in 
lagoon turbidity by resuspending the bottom deposits. 
Because the increased turbidity curtails available light 
energy, algal development is retarded. Thus, it becomes 
apparent that prevention of excessive bottom anaero- 
biosis due to algal decomposition is important to the 
most satisfactory operation of high-rate lagoons. Dis- 
charging large concentrations of algae into a receiving 
stream or lake can be objectionable under some condi- 
tions. Although algae do not settle at normal stream 
velocities nor readily die and undergo decomposition, 
nevertheless in large concentrations they can deplete 
stream oxygen reserves at night. Such depletion is 
harmful to fish and other wild life in the stream, and 
therefore must be avoided. The alternative to discharge 
of excessive concentrations of algae into the streams or 
lakes is to maintain the algae in suspension during the 
growth process, and to provide for their separation. 
Once algae are removed, the supernatant retains only a 
very limited amount of biologically oxidizable organic 
matter, and it thus becomes a desirable stream additive. 

The process of producing algae in high-rate shallow 
ponds has been described in several publications 
(Gotaas and Oswald, 1954; Oswald and Gotaac, 1955). 
Several methods of separation have been developed re- 
cently, at least one of which appears economically 
feasible at this time. Results of studies conducted by 
Grau on the Davis campus of the University of Cali- 
fornia in 1955 and other evidence (Fink et al., 1954) 
indicate that the high value of the harvested algae as 
an animal food supplement will normally permit eco- 
nomic separation and reclamation. 

Conditions might exist, however, under which com- 
plete processing and recovery of algae for food would 
not be feasible, and yet it would be desirable to remove 
the algae from the lagoon effluent. Under such circum- 
stances, a readily applicable method of disposal and one 
which lends itself to conservation is that of controlled 
anaerobic digestion. 

Digestion of algae to provide a source of fuel is an 
attractive possibility. The solar energy converted and 
stored by the algal cells as a result of their photosyn- 
thetic activities, can be transformed into usable energy 
through the anaerobic digestion of algae to produce 
methane. Energy is released by burning the methane. 

Inasmuch as there is a need for information on prob- 
lems which may be peculiar to the anaerobic digestion 
of algae, and because to the best of the authors’ knowl- 
edge no such study has been reported in the literature, 
we have initiated an investigation of the anaerobic 
digestion of algae under the different conditions to be 
described in this paper. 


MATERIALS AND METHODS 


Inasmuch as some of the terms commonly used by 
sanitary engineers with reference to certain phases of 
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the digestion process may be unfamiliar to readers 
specializing in other fields, such terms are defined as 
follows: The term digester may refer either to the 
digesting culture or to the culture plus the vessel cop- 
taining it. Used as a noun, feed is synonymous with 
nutrient source; as a verb, it means to add nutrient 
source to the culture. Loading refers to the total amount 
of nutrient source given the digester each day. Detention 
period determines rates of the process and is defined as 
D = V/Q where D is detention period in days, V is the 
volume of the digester, and Q is the displacement 
volume per day. 

The study on the digestion of algae was carried on in 
five series of experiments. In the first series, which con- 
sisted of two separate groups of experiments, an esti- 
mate was made of the comparative values of algae and 
of raw sewage sludge as sources of nutrients. Digester 
performance at mesophilic and at thermophilic tem- 
peratures was the subject of the second series of experi- 
ments. The third series involved a determination of the 
effect, if any, of using alum-flocculated algae as feed. 
The fourth series dealt with the effect of detention 
period and the solids concentration of the nutrient 
source. The reaction of the digesters to two loading 
programs was the subject of the fifth and final series. 

The digesters were set up and operated as follows: 
Eleven liters of digesting algal sludge or raw sewage 
sludge were placed in each of two 20-L pyrex jars. As is 
shown in figure 1 the jars were equipped with suitable 
collecting devices for gas, and pumps for injecting feed 
and circulating and withdrawing digested sludge. The 
digesters were placed in insulated cabinets in which 
temperatures were maintained at 30 C (+1 C) in series 
1, and at 50 C (+1 C) in the remaining series. 

Both digesters were begun in series 1 by placing, in 
each of the two jars, 11 L of digesting sludge obtained 
from digesters operated by the local municipal sewage 
treatment district. In the remaining series, new digesters 
were not started for each succeeding experiment; 
instead, the old cultures were adjusted to the new con- 
ditions to be tested. Usually, a period of 2 weeks was 
required for this adjustment. Feeding was continued 
during the adjustment period. In the first group of 
experiments in series 1, a population of bacteria capable 
of attacking algal cells was built up by feeding one of 
the digesters a mixture consisting of equal parts of raw 
sludge and pure algae during the first two weeks. At the 
end of the second week the raw sludge was omitted. 
The transition to thermophilic conditions was made in 
series 2 by increasing the temperature of the digesters 
to 50 C at increments of 5 C each third day. 

The digesters were fed once a day, and an equal 
quantity of sludge (mixed liquor) withdrawn directly 
before feeding. With the exception of series 5, in which 
loading was varied, the amount of nutrient added each 
day furnished 0.09 lbs of volatile matter per cu ft of 
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Fig. 1. Schematic drawing of a complete digester unit, in- 
cluding inlet port for feeding, outlet port for sampling, and 
gas plenum for collecting gas. The plenum consists of two 
tubes of Lucite, one telescoping into the other. A solution of 
HCl (1 per cent) acts as a seal to prevent the escape of gas. 


digesting culture. Volume of nutrient source added 
each day was adjusted to result in a detention period 
of 30 days (that is, 367 ml of nutrient source per day) 
in all experiments other than those in series 4 in which 
detention period was the variable tested. Raw sludge, 
used as a source of nutrients, was obtained from the 
local sewage treatment plant. Algal feed was obtained 
either by centrifuging, or by flocculating with alum, 
efluent from oxygenation ponds operated for algal 
growth studies. The algal culture, consisting principally 
of Scenedesmus spp. and Chlorella spp., usually was con- 
centrated to a paste having 15 per cent solids, and then 
diluted with water in a Waring Blendor to a slurry 
having a solids content of 8 to 9 per cent. Total nitrogen 
content of the algal sludge varied from 6 to 8 per cent 
of the total solids. Approximately 3 per cent of the 
nitrogen was in the form of ammonia. Approximately 
4 per cent of the total solids in the alum-flocculated 
algal feed was in the form of aluminum. Analyses of the 
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algal feed indicated a variation in volatile acid content 
from 300 to 600 mg per L. 

Total volume of gas produced was determined prior 
to feeding. The gas was analyzed by means of a Fisher 
gas analyzer. Volatile acids were extracted by liquid- 
liquid ether extraction and are expressed as acetic acid 
in mg per L of sludge. 

In series | and 2, estimates of quality of digester per- 
formance were based on rate and extent of destruction 
of volatile matter, gas produced per |b of volatile 
matter introduced, and nature of the digested sludge. 
Because experience gained in previous experiments 
indicated its validity, daily gas production and the 
volume of gas produced per lb of volatile matter intro- 
duced were used as indicators of activity in series 3, 4, 
and 5. 


RESULTS 


Raw sewage sludge compared with algae as a source of 
nutrients. As is shown in table 1, the volume of gas 
produced per |b of volatile matter destroyed by digest- 
ers A (raw sludge) and B (algae) was comparable, 
namely, 16.3 cu ft for A and 15.8 cu ft for B. Gas pro- 
duction per lb of volatile matter introduced was quite 
different, however, in that gas production by B was 
consistently 2 to 4 cu ft less than that produced by A 
[figure 2 (1)]. This difference in gas production per lb 


TABLE 1. Destruction of volatile matter and production of gas as a 
result of anaerobic digestion under various conditions 





Per Cent of Total 


Gas Production Gas Production 





Digester (Average) (Volumetric 
Average) 
a Material gs ae 2 CO2 | CHs | He = 
zis ,18"s |s- Zz 
days C | % | pe | pj 

1 30 Raw sludge 35 57 9.2 |16.2;30.961.42.415.3 
1 30 | Raw sludge 35 (60 | 9.9 |16.3/31.3/62.5)2.1/4.1 
1 |30 Algae 35 136.4 6.1 15.831.960.91.06.2 
1 30 Algae 35 |43.1) 7.0 |16.1\32.3/61.3/0.9/5.5 
2 |30 Algae 35 |44.3) 6.4 |14.4/32.3/62.4/2.2/3.1 
2 30 Algae 50 |54.0} 8.0 |15.0/32.3/62.1/2.3/3.3 
3 30 Algae 50 7.9 32.4/62.1|1.6)3.8 
3 30 | Algae + alum | 50 7.8 32.3/61.9)1.5/4.2 
4 30 | Algae + alum | 50 8.1 
4 22 | Algae + alum | 50 7.9 
4 30 | Algae + alum | 53 8.3 
4 11 Algae + alum | 53 8.2 
4 30 | Algae + alum | 53 8.2 
4|\7 Algae + alum | 53 5.4 
4 \30 Algae + alum | 53 8.5 
4 | 3.3, Algae + alum | 53 4.2 
5 |\22 | Algae + alum | 53 8.4 
5 8.0 


22 | Algae + alum | 53 
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Fic. 2. The effect of nutrient source (1) and temperature (2) on gas production per pound of volatile matter introduced 
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Fig. 3. Extent of destruction of volatile matter when either a raw sewage sludge or an algal slurry is used as a source of nutrients 
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Taste 2. Nitrogen and ammonia concentrations characteristic 
of digested sludge produced under various conditions 


Digester Nitrogen 
‘J Average NH« | Average total N 
as Deten N , , —T ‘i 
Series | 4; Nutrient source Temp Per cent _ Percent 
, mon Mg of total M of total 
per L N per L pat 
C 

1 30 | Raw sludge $5 277 2.9 | 7719 8.9 
l 30 | Raw sludge 35 1135 ES 
| 30 | Algae 35 1613 | 56.0 | 2874 6.9 
l 30 | Algae 35 1680 | 47.5 | 3527 Pes 
2 30 | Algae 35 1604 | 61.0 | 3531 ge 
2 30 Algae 50 1512 | 67.0 | 2732 | 6.6 
3 30 | Algae 50 1849 66.5 | 2771 6.5 
3 30 | Algae + alum 50 1759 69.0 | 2539 6.3 
4 30 | Algae + alum 50 854 56.0 > 1525 5.9 
4 22 | Algae + alum 50 1001 | 55.5 | 1804 | 6.1 
4 30 | Algae + alum 50 670 43.5 1537 6.2 
| 7 | Algae + alum 50 1978 | 52.0 | 3817 6.5 


of volatile matter introduced is reflected in the per cent 
destruction of volatile matter. As shown in figure 3, 
destruction of raw sludge volatile matter varied from 
57 to 60 per cent; destruction of algal volatile matter, 
on the other hand, was never greater than 44 per cent, 
and did reach a low of 24 per cent. Except for hydrogen, 
the composition of the gas produced from both digesters 
was markedly similar (table 1). 

Nitrogen determinations made on both sludges 
showed that the nitrogen concentration in sludge from 
B (algae) was as high as 7.7 per cent of the total solids 
as contrasted to 3.3 per cent in the sludge from A (raw 
sludge) (table 2). Volatile acid concentration in digester 
A (raw sludge) ranged from 351 to 402 mg per L, with 
pH varying from 7.3 to 7.6. Volatile acid concentration 
in B varied from a low of 1530 mg per L to a high of 
2120 mg per L. Acids produced in both digesters were 
identified by paper chromatography and were found 
to be principally acetic acid, some propionic acid, and 
traces of valeric and butyric acids. The carbon content 
of the sludge from both digesters varied from 30 to 35 
per cent on the basis of dry weight. 

A comparison of the physical nature of digested 
sludges from the two digesters showed that sludge from 
B possessed less desirable characteristics than that 
from A. Digested sewage sludge had the gritty sediment 
considered to be characteristic of well-digested sludge, 
and it dewatered readily. Digested algae, on the other 
hand, was highly colloidal and gelatinous and dewatered 
very poorly. Sludge from digester A had a tarry odor; 
digested algae had an odor similar to that of fresh cow 
manure. Microscopic examination of the algal sludge 
revealed a large proportion of material as consisting 
of intact, green cells, although attempts to determine 
the viability of such cells were unsuccessful. 

Thermophilic and mesophilic digestion of algae. A 


possible explanation of the poor performance of digester 
B (algae) in relation to digester A (raw sludge) could be 
the failure of the algal cells to die despite the adverse 
conditions met in a digester. Living algal cells are 
known to resist bacterial attack very effectively. One 
method of killing the algae would be by exposing them 
to thermophilic temperatures. Accordingly, a second 
series of experiments was made in which one digester 
(A) was maintained at 35 C, and a second (B) at 50 C. 
Gas production was uninterrupted in both digesters 
during the conditioning period. When relatively uni- 
form gas production indicated equilibrium, data for the 
test were gathered. 

As is shown in figure 4, gas production at 50 C was 
uniformly greater than at 35 C. Composition of gas, 
both volumetrically and gravimetrically, was quite 
similar at both temperatures (table 1). In both digesters 
CO, constituted approximately 30 per cent and CH, 
approximately 62 per cent of the volume of gas pro- 
duced. Daily production of gas per |b of volatile matter 
introduced averaged 6.4 cu ft at 35 C and 8.1 cu ft at 
50 C; but production per lb of volatile matter destroyed 
was comparable, namely, 14.4 to 15.0 cu ft [figure 2 
(2) and table 1]. Destruction of volatile matter was 5 
to 10 per cent greater at the higher temperature. 

Nitrogen content averaged 8.1 per cent in the sludge 
produced at 35 C and 6.6 per cent at 50 C (table 2); 
ammonia constituted approximately 61 to 67 per cent 
of the nitrogen in both sludges. Volatile acid concen- 
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Fia. 4. Extent of destruction of volatile matter in a digester 
operating at 35 and at 50 C. Each point in the curves represents 
the average per cent destruction of volatile matter over a 
4-day period. 
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Fig. 5. (1) Effect of alum on digester activity as expressed in gas produced per pound of volatile matter introduced. (2) Ef- 


fect of loading on gas production. 


tration in digester A (35 C) varied from 2700 to 4080 
ppm; and from 1250 to 354 ppm in digester B (50 C). 
Gross physical characteristics of sludge from both 
digesters were comparable. The emanation of ammonia 
from the stirred sludges was sufficiently great to make 
one’s eyes water. Both sludges were a dull brownish 
green in color, although that from B (50 C) was darker. 
Sludge from digester B showed some improvement over 
that from A with respect to dewaterability, although 
both apparently had a high colloidal content. Micro- 
scopic examination revealed intact cells in both sludges. 

Centrifuged pond algae and alum-flocculated algae 
as nutrient sources. Inasmuch as experiments now in 
progress have demonstrated that alum flocculation is 
an essential step in one of the most economical methods 
of harvesting algae, a study was made on the effect 
of the aluminum fraction of flocculated algae on the 
dynamics of the digestion process and on the physical 
nature of the resulting sludge. 

To start the test, the contents of digester B (50 C) 
in the preceding experiment were divided into two 
equal volumes and introduced into separate digesters. 
The liquid volume of the digesters was increased gradu- 
ally to 11 L. Digester A was fed alum-flocculated algae 
and the second digester (B) was fed with centrifuged 
pond algae. 

Gas production in both digesters was practically 


identical, as is shown in figure 5 (1), and was comparable 
to that obtained at 50 C in the preceding experiment. 
Gas production per lb of volatile matter introduced 
averaged 7.9 cu ft in A, and 7.8 in B. Composition of 
gas was not affected by the type of nutrient source used 
(table 1). Computed destruction of volatile matter was 
almost identical in both digesters, averaging 48 to 49 
per cent of the volatile matter introduced. Nitrogen 
content and the general nature of the sludge seemed to 
be comparable in both digesters (table 2). 

Inasmuch asthe aluminum in the flocculated algae had 
no apparent inhibitory effect on digester activity, and 
algae thus obtained were most plentiful, aluminum- 
flocculated algae were used as the nutrient source in all 
of the succeeding experiments. 

Detention period. The effect of various detention 
periods on the digestion of algae was the subject of the 
fourth series of experiments. Digester A, which was 
maintained on a 30-day detention period, served as 4 
control throughout the experiments. Digester B_ was 
subjected to five different detention periods, varying 
between 22 and 3.3 days. In all the tests, loading re- 
mained constant. When the volume of the daily ration 
of nutrients exceeded 500 ml, the liquid was warmed 
prior to introduction into the digester. In the 7.0- and 
3.3-day detention period experiments, feeding and 
withdrawal of sludge were done twice daily, one-third of 
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Fic. 6. The effect of length of detention period on gas pro- 
duction. Each point in the curve represents an average value 
for the daily gas production at the detention period indicated. 


the total volume at O800 hr and two-thirds at 1600 hr. 
Total solids concentration of the algal feed varied from 
5.9 per cent for the 30-day detention period to 0.66 
per cent for the 3.3-day detention period. 

As is shown in figure 6, length of detention period, 
within the range of 30 to 11 days inclusive, had little 
effect on volume of gas production. At a detention 
period of 7 days, however, the decline was rapid in gas 
production per |b of volatile matter introduced. Pro- 
duction of gas became almost negligible during the 
33-day detention period. According to data listed in 
table 2, no apparent effect on the nitrogen composition 
of digested sludge could be attributed directly to length 
of detention period within the range 30 to 7 days in- 
elusive. Volatile acid concentration never exceeded 1200 
mg per L in any of the digesters, and usually ranged 
from 500 to 800 mg per L. Except for the 3.3-day period, 
physical characteristics of the digested sludge remained 
practically the same despite extent of detention period. 
Digested sludge produced in the 3.3-day detention 
period had only a mild ammonia odor, was very col- 
loidal in nature, and practically impossible to dewater. 

Loading studies. Two loading rates were studied in 
the fifth series of experiments: digester A received 0.09 
lb of volatile matter per cu ft of culture volume per day, 
and B received 0.18 lb volatile matter per cu ft per day. 
Cultures used in series 4 were placed immediately on the 
hew schedule and adjusted to a 22-day detention period. 

Gas production from digester A continued unabated. 
Digester B showed immediate recovery from the short 
detention period to which it had been subjected in the 
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previous series, and within 3 days the volume of gas 
produced daily was almost twice that from A, as would 
be expected because of the increased loading. Gas pro- 
duced per lb of volatile matter introduced, however, 
was almost identical at both loading programs, averag- 
ing 8.4 cu ft for digester A, and 8.0 cu ft for B [figure 4 
(2)]. Physical characteristics of both sludges were al- 
most the same with respect to dark green color, am- 
monia, odors, and poor dewaterability. 
Discussion 

The anaerobic digestion of algae apparently proceeds 
slowly at mesophilic temperatures and the resultant 
breakdown is less rapid and complete than that of raw 
sewage sludge, or a mixture of raw sludge and algae. 
Accordingly, per cent destruction of volatile matter was 
only approximately 60 to 70 per cent of that character- 
istic of raw sludge digestion. The limited extent of 
destruction was reflected in the low yield of gas per lb 
of volatile matter introduced. The difference in digester 
activity was noticeable principally in the extent and 
rapidity of breakdown, because yield per cu ft of volatile 
matter destroyed, composition of gas, as well as nature 
and relative proportions of individual volatile acids were 
all similar, although the physical characteristics of the 
digested sludges were quite different. It is probable that 
in algae digestion, any drastic changes in the nature of 
the process, as compared to raw sludge fermentation, 
would have been reflected by equally pronounced 
changes in the products of digestion, either qualitatively 
or quantitatively, or both, at least after the initial 
breakdown of the introduced feed. 

It is unlikely that the poor performance of the di- 
gesters containing algae and operating at 35 C was due 
to a high concentration of volatile acid. More probably, 
the high acid content was a symptom of a low rate of 
activity rather than a cause of poor digester perform- 
ance. Experience in previous studies on digestion, in 
which digesters were given doses of low carbon volatile 
fatty acids in such volumes as to result in a total volatile 
acids concentration as high as 4500 ppm, showed that 
such treatment brings about an increase in gas produc- 
tion proportionate to the acid dosage when other con- 
ditions are maintained at an optimum. Volatile acids 
normally produced in an active digester are not toxic 
per se; instead, they serve as nutrients for many of the 
bacteria involved in the process. With the exception of 
formic acid, which may be toxic, any inhibiting effect of 
a high concentration of low-carbon volatile acids would 
be indirect, that is, a lowering of pH to undesirable 
levels. The high pH found in the digesters studied, how- 
ever, eliminates the latter possibility. 

A possible explanation of the limited bacterial activ- 
ity in the algal digesters is the high ammonia content of 
the culture media. Ammonia could be detrimental, 
either as a direct inhibiting agent for the bacteria 
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involved (Snell, 1943), or because it brings about an 
increase in the pH of the sludge to a level above that 
tolerated by methane producers. Although digester 
performance improved in the later experiments, which 
were also characterized by a high ammonia concentra- 
tion, gas production and per cent volatile matter 
destruction in all the experiments involving algae as the 
source of nutrients remained consistently lower than 
that encountered when raw sludge was used as a nutri- 
ent source. It should be noted, however, that pH levels 
were always less than 8, the upper limit tolerated by 
methane producers (Barker, 1949). 

The relatively low rate of volatile matter destruction 
at 35 C also may be explained by the ability of algae to 
survive in the digester despite the adverse conditions 
encountered. Living algae normally are immune to 
bacterial invasion and are not, therefore, subject to 
decomposition. As such, they are unavailable as a nu- 
trient source to the bacteria involved in the digestion 
process. Although their viability could not be demon- 
strated by subculturing, examination of the sludge did 
reveal intact, green cells apparently in good condition. 
These cells could have been living organisms which 
have survived since the previous day’s feeding; as such 
they would illustrate the ruggedness of the organisms 
and their resistance to destruction. 

Another possibility is that algal cell walls per se may 
be highly resistant to bacterial attack, even though the 
cell itself is no longer living, and thus decomposition of 
algal cells may be curtailed. Results of studies on the 
digestion of garbage and sludge mixtures and of vege- 
tables alone have been reported (Babbit, 1934; Car- 
penter et al., 1936; Cohn, 1946; Hazeltine, 1951; and 
Ross, 1954). In general, no difficulty was encountered in 
digesting these materials. Total gas production, as well 
as rate and per cent decomposition, were comparable to 
those characteristic of raw sludge digestion. Plant 
fragments present in garbage, however, are the ground 
portions of larger plants, and therefore are open to 
bacterial invasion; algae, on the other hand, although 
minute and single-celled, are complete organisms intro- 
duced onto the digester intact, and consequently are 
highly resistant to bacterial attack. 

Digested sludge from the raw sewage sludge digesters 
and from the algae digesters differed markedly. The raw 
sludge product had the tarry odor and gritty nature of 
well-digested sludge. It dewatered readily. Digested 
algae, on the other hand, regardless of operating condi- 
tions, always had the odor of cow manure encountered 
in green pastures. The sludge itself contained very 
little granular or flocculant material and was highly 
colloidal in nature. Because of its hydrophilic nature, it 
dewatered slowly. These physical characteristics prob- 
ably may be explained by the nature of the raw material 
used as a nutrient source. The highly proteinaceous 
composition of the algal cell, together with its lack of a 
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complex cellulosic structure, all tend to give rise to g 
highly colloidal sludge rather than a flocculant or 
fibrous material easily separated from water. The high 
nitrogen content of the algal feed also contributed to the 
formation of a digested sludge having a low carbon: 
nitrogen ratio, namely, 1:5. 

It is interesting to note that algae were digested some- 
what more readily at thermophilic temperatures (50 to 
55 C), as was shown by the consistently greater gas 
production per lb of volatile matter introduced and 
extent of destruction of volatile matter. This is not 
necessarily the case for raw sludge digestion. Probably, 
algae die rapidly at these temperatures, or perhaps the 
heat makes the cell walls more pervious to bacterial 
attack. It is problematic whether or not the improve- 
ment can be explained solely by the beneficial effect of 
increased temperature on the digestion process itself, 
Previous experience and the work of others (Heukelek- 
ian, 1933; Garber, 1954) have shown no great difference 
in efficiency of digestion of raw sludge at either meso- 
philic or thermophilic temperatures within the range 
30 to 60 C inclusive. Despite the improvement at 50 C, 
cu ft of gas produced per lb of volatile matter introduced 
never equalled that obtained with raw sewage sludge. 

Alum, apparently, is a mere dilutant and has neither 
a detrimental nor a beneficial effect on the micro- 
organisms functioning in the digestion process. This 
fact is especially important because the greater part of 
algae used in digester installations will be obtained 
through alum flocculation until some other satisfactory 
method of harvesting is developed. The use of alum 
flocculated feed also had no effect on the physical 
quality of the digester sludge. 

For digesting algae, short detention periods involving 
highly dilute feed are desirable because of the expense of 
dewatering algal concentrates to the degree required for 
economic drying. Our experiments show that algae can 
be digested successfully at detention periods as brief as 
11 days, using feed having a total solids content as low 
as 1.92 per cent. At detention periods of less than 11 
days, the volume of culture removed each day probably 
depletes the total bacterial population to such an extent 
that an insufficient number of organisms are available 
for breaking down the incoming organic material. More- 
over, in very short detention periods the addition of a 
large volume of new material each day may cause 4 
sudden change in environment, sufficiently great to 
temporarily inhibit bacterial activities. The results of 
experiments described in this paper, as well as the 
experience of others who have made studies on raW 
sludge digestion, indicate that detention periods can be 
made much shorter than the traditional 20- to 30-day 
period without adversely affecting the digestion process 
(Schlenze, 1944, 1951; Fullen, 1953; Morgan, 1954). It 
may be possible to digest algae at detention periods as 
short as a day or two through the use of a digester 
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especially designed for continual feeding and mixing. 
Such a procedure would eliminate the shock to the 
digestive process which inevitably results when large 
volumes of nutrients are introduced into the digesters, 
and equally large amounts of sludge are withdrawn, as 
happens when feeding is done only once or twice a day. 

As is indicated by the identical performance of the 
digesters at loadings of 0.09 and 0.18 Ib per cu ft per 
day, in digesting algae, loadings in excess of 0.18 lb per 
cu ft per day may be used. Judging from the results 
obtained in the algal digestion studies, it is very likely 
that such loadings can be successfully duplicated on a 
large scale operation. In fact, digesters utilizing algae as 
the nutrient source withstand shock loads greatly in 
excess of those which would completely stop all activity 
in digesters utilizing raw sludge. Because of the in- 
ereased organic yield per unit volume of raw sewage 
when algae is grown on sewage, and because of the 
lower rate of destruction of volatile matter, the ability 
to digest large doses of raw material is important if 
required digester capacity is to be kept at a reasonable 
volume in algae digestion. Inasmuch as the average 
loading rate for digesters using raw sewage sludge 
varies from 0.05 to 0.11 lb per cu ft per day, and as 
algae can be readily digested at loadings of 0.18 lb per 
cu ft per day, adoption of photosynthetic oxygenation 
with algae removal for secondary treatment of sewage 
would not require digester capacity greater than that 
already available in most primary treatment plants. 

In general, it may be said that these experiments 
furnish evidence for believing that algae can be readily 
digested, albeit with a somewhat lower gas production 
per lb of introduced volatile matter than is possible 
when raw sludge or a mixture of raw sludge and algae 
are used as substrates. 

Rate of decomposition, loading capacity, detention 
period, and high loading tolerance all contribute to 
make possible the use of present digester equipment 
without major alterations. 


SUMMARY 


A comparison was made of the value of raw sewage 
sludge and of green algae as sources of nutrient in 
anaerobic digestion. Additional studies involved a 
determination of the effect of temperature, alum in the 
algal feed, detention period, and loading on digester 
performance. 

Although per cent destruction of volatile matter and 
gas production per |b of volatile matter introduced was 
somewhat less than with raw sewage sludge, green algae 
grown on domestic sewage and separated either by 
centrifugation or by coagulation with filter alum digest 
readily when placed under the proper environmental 
and operating conditions. Best digester performance is 


obtained at 50 C with a detention period of 11 to 30 
days. The maximum permissible loading rate was not 
determined, but it is greater than 0.18 lb of volatile 
matter per cu ft of culture volume per day. Under nor- 
mal conditions, each pound of algal volatile matter 
introduced into a digester will yield approximately 8 
cu ft of gas, of which approximately 2.5 cu ft will be 
CO2; 5.0 cu ft, methane; 0.5 cu ft, hydrogen, nitrogen, 
and other gases. 

In general, digestion of algae is characterized by a 
tolerance of sudden and wide variations in the environ- 
mental conditions under which the process is operating. 
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Several species of the genus Saccharomyces form 
films on nutrient media. One species, Saccharomyces 
beticus of Marcilla et al. (1936), occurs on certain types 
of Spanish wine (flor sherry) during aging of the wine 
under an air space in casks. The species apparently 
occurs in the natural flora of the grapes and participates 
in the alcoholic fermentation of the must pressed from 
them. Subsequent to fermentation this species, with 
several others, forms a film (flor) on the wine. When the 
species S. beticus predominates, the biochemical activi- 
ties of the flor are considered to contribute to develop- 
ment of the characteristic flavor of flor sherry (Cruess, 
1948; Fornachon, 1953). 

Strains of this species have been isolated and studied 
by Marcilla ef al. (1936), Schanderl (1936, 1950), 
Niehaus (1937), Cruess (1948) and Fornachon (1953). 
A strain of S. beticus (probably variety y of Marcilla 
et al., 1936) has been designated as S. fermentati by 
Lodder and Kreger-Van Rij (1952). Inoculated into 
grape must, this yeast produces a vigorous alcoholic 
fermentation, typical of industrial strains of Sac- 
charomyces. Provided with sufficient sugar it produces 
16 to 18 per cent by volume ethanol. Flor formation 
follows decrease of fermentable sugar to a low level. The 
outstanding biochemical activities of the flor on wine 
are indicated in table 1 (Fornachon, 1953). 

Occasionally the flor fails to grow well or at all on 
wines, even when favorable physio-chemical conditions 
are carefully maintained (Fornachon, 1953; Crowther 
and Truscott, 1955). Such conditions are air space over 


TaBLE 1. Changes in chemical composition of wine caused by 
flor development 
(Abridged from Fornachon, 1953) 


12 Months 


Original 
i Under Flor 


Wine 


Specific gravity, 20C.......... weseeeeel 0.9895 | 0.9880 
Ethanol, per cent by volume..........| 14.5 |} 14.1 


6 OO C2 / Es nn ene ere ere | | 4.6 

Titratable acid, g/L (as tartaric). . ; 6.2 | §.75 
Volatile acid, g/L (as acetic)............ 0.48 | 0.24 
ON? | A ee 0.98 | 0.94 
SS Ao | i ea | 0.78 | 0.47 
Pe ot picket nae | 3.23 | 3.21 
Fermentable sugar g/L (as glucose). ... 0.79 | 0.10 
Total aldehyde, mg/L. . Rey 444 


Acetoin...... Det ot es eRe + 





the wine, suitable ethanol concentration, 
fermentable sugar, optimum pH and_ temperature 
relationships, freedom from agitation and_ protection 
against competing film-forming yeasts and_ bacteria, 
Failure of flor growth under such conditions might be 
considered to be caused by an unfavorable nutritional 
situation. 


traces of 


The nutrition of the flor with respect to nitrogen has 
been studied in some detail by Cruess (1948) and 
Fornachon (1953). The quality but not necessarily the 
quantity of nitrogen is a factor. A wine with a low total 
nitrogen may support good flor growth, while a wine 
with high total nitrogen may not. Addition of ammonia 
nitrogen may or may not favorably affect flor growth, 
depending on pH and temperature relationships. Addi- 
tion of yeast extract definitely favors flor development 
on both wine and artificial media. 

The effect of yeast extract introduces the question of 
accessory growth factors, in addition to the subject of 
nitrogen nutrition. Freiberg and Cruess (1955) have 
reported the effect of a variety of compounds, including 
organic nitrogen, amino acids, B-complex vitamins, and 
ascorbic acid, some of which were found stimulatory on 
the growth of flor on wine. Meager growth of a film 
yeast, isolated from Spanish sherry, was obtained by 
Neilsen (1952) on the artificial medium of Olson and 
(1949) without supplement. The 
medium contained biotin, calcium pantothenate, inosi- 


Johnson mineral 
tol, thiamin, and pyridoxine. 

The present work was undertaken in view of the 
favorable effect of yeast extract on flor growth and the 
failure of earlier studies to critically define growth fac- 
tors essential for flor development. It was considered 
desirable to work with a chemically defined medium 
made up to simulate the chemical composition of wine. 
This paper presents results obtained with such a 
defined, strictly synthetic, medium. The flor 
development observed on various modifications of the 
medium indicates that pantothenate is an essential 
factor for initiation of growth, and that 6-alanine can 
replace pantothenate. Definition of the exact nitrogen 
requirements of the flor yeast, however, awaits further 
study. 


not 


MATERIALS AND MeEtTHops 


Strains of yeast used in earlier flor studies have beet 
carefully and adequately described by Marcilla et al. 
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(1936) and lornachon (1953). The strain of yeast used 
in this study (Enology no. 519) was isolated from Span- 
ish wine by Schander! (1936). It was selected for this 
work, on the basis of its fermentative, and film-forming 
activity, from a collection of film-forming fermentative 
yeasts. The strain conforms to the description of the 
true flor yeast (Fornachon, 1953), except that it has not 
formed spores on vegetable wedges, Gorodkowa agar, 
or plaster blocks. It is, however, differentiated from 
strains of the genera T'orulopsis, Hansenula, and Pichia 
already studied (Castor and Archer, unpublished data) 
by its high ethanol production (14 g ethanol per 100 ml 
in 30 per cent sugar), film formation on media contain- 
ing 15 per cent by volume ethanol, the strong aldehyde 
production of the film stage, low ethyl acetate produc- 
tion, and maintenance of vigorous growth for many 
years in stock culture. 

The strain has been carried as a stock culture on malt 
agar slants since 1939, and on the vegetable juice agar 
of Wickerham et al. (1946) since 1946, without notable 
change in ethanol production and film formation. The 
flor stage was obtained for experiments by permitting 
the yeast to completely ferment juice of the Mission 
grape (a variety of Vitis vinifera). For the first stage the 
juice, clarified by storage at about 0 C, was diluted 1:1 
with distilled water, nutritionally fortified with 0.1 per 
cent yeast extract (Difco) and autoclaved. Within a 
week after cessation of fermentation the flor appeared 
and was transferred to wine. During the experiments 
described, the flor was cultivated serially on wine 
cultures, Which were used as a source of inoculum. The 
Vitis 
vmifera) at its natural IL to 12 per cent by volume 


wine (from the Furmint grape, a variety of 


ethanol or fortified to 15 per cent as required, was 
sterilized by filtration through a microporous porcelain 
candle. Serial renewed at 


inoculum cultures 


weekly intervals. 


were 


Preparation of the flor from wine for use as inoculum 
was accomplished by washing on sterile M/15 KH:,PO, 
solution containing 10 to 15 per cent by volume ethanol. 
The flor was transferred from wine to washing solution 
ona l-em loop with aseptic precautions. It was left to 
float on the wash solution in a flat, thin film for 6 hr, in 
order to allow nutrients carried over from the wine to 
diffuse away from the cells. Phosphate solution con- 
taining ethanol was found necessary for washing. When 
distilled water alone was used, or ethanol was omitted, 
the flor sometimes failed to develop after the washed 
inoculum was placed again on wine. 

The composition of the artificial medium used for flor 
growth experiments is shown in table 2. The organic 
components used in the basal medium are known to be 
present in wine (Amerine, 1954). Inorganic components 
were those usually found in media used for investigation 
of yeast growth requirements (Williams et al., 1941). 
The basal medium was made up at twice the final con- 
centration desired, sterilized by filtration and distrib- 


uted as required in small, sterile Erlenmeyer flasks, 
capped with aluminum foil. 

Amino acids and B-complex vitamins were employed 
on the basis of recent studies on wine. The occurrence in 
musts and wines of 24 amino acids has been reported 
by Castor (1953a), Castor and Archer (1956), Dimotakis 
(1956), Liithi (1953), Procopio and Cale (1954), 
Sisakian and Bezinger (1953), Tarantola (1954), and 
Valaize and Dupont (1951). A quantitative study of the 
fate of amino acids during fermentation was made by 
Castor (1953a) and Castor and Archer (1956). The 
amounts of 10 B-complex vitamins or growth factors in 
musts and wines were investigated by Morgan et al. 
(1939), Hall et al. (1956), and Castor (1953b). The 
latter reported changes in eight growth factors during 
fermentation of grape musts. 

Amino acids and B-complex vitamins were added to 
the basal medium in flasks, as required, from concen- 
trated sterile solutions. Amino acids, shown in table 2, 
were of CP grade, and chiefly in the /-form. When dl 
compounds were added, the amount given in table 2 
was doubled. The volume of medium in each experi- 
mental flask was adjusted according to the amount of 
basal medium used, after addition of amino acids and 
vitamins. 

At inoculation a 1-em loop of washed flor was floated 
on the medium in each experimental flask. Carry-over 
of nutrients was avoided by heating the loop to in- 
candescence between each transfer. Inoculated flasks 


TABLE 2. Composition of defined medium simulating wine for 
study of flor growth 


Basal Medium, 2 X Strength Additions 


4A » = ; 
Compound Amounts in Compound Amounts in 
I I 


100 ml 100 ml 
l-Arabinose 0.4g Arginine HCl 10 mg 
Glucose, reagent 0.2¢ Aspartie acid 0.5 mg 
Ethanol, 95% to Glutamic acid 1.0 mg 

conc. desired Glycine 1.5 mg 
Glycerol Loe Histidine HCl 1.5 mg 
Acetaldehyde 6 mg H,O 
Ethyl acetate 5 mg __ Isoleucine 1.0 mg 
Leucine 1.5 mg 
Acetic acid 40 mg = Methionine 0.5 mg 
Lactie acid 400 mg | Phenylalanine 0.5 mg 
Tartaric acid i ay: Proline 200 mg 
Serine 40 mg 
KH2PO, | 20 mg _| Tryptophan 0.5 mg 
KeHPO; | 20 mg | Tyrosine 0.5 mg 
MgSO,:7H2O | 8 mg | Valine 1.0 mg 
MnSO,-4H20 | 0.4 mg 
FeSO,-7H.O 0.4mg = Thiamin 25 ug 
NaCl 0.4mg_ Riboflavin 20 ug 
Pyridoxine 30 ug 


KOH solution to Ca pantothenate) 50 ug 


pH desired Nicotinic acid 50 ug 
Biotin 0.1 ug 
p-Aminobenzoic 5 ug 
acid 
Inositol 20 mg 
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TABLE 3. Effect on flor growth of omission of single vitamins from 
complete medium, with 10-volume per cent ethanol, pH 3.5, 


at 26 C 
Medium Growth 
All vitamins present 3+ 
All vitamins omitted — 
Thiamin omitted 3+ 
Riboflavin omitted 2+ 
Pyridoxine omitted 3+ 
Pantothenate omitted a 
Nicotinic acid omitted 3+ 
Biotin omitted 2+ 
p-Aminobenzoic acid omitted 3+ 
Inositol omitted 3+ 
Wine controls ee : f+ 


TABLE 4. Effect on flor growth of presence of single vitamins in 
basal medium plus amino acids, with 10 per cent by volume 
ethanol, pH 3.5, at 26 C 


Medium Growth 


All vitamins present 3+ 
All vitamins omitted - 
Thiamin present = 
Riboflavin present ; - 
Pyridoxine present - 
Pantothenate present + 
Nicotinic acid present = 
Biotin present : ~ 
p-Aminobenzoic acid present - 
Inositol present cde — 
Wine controls oe 44 


were incubated at 20 + 3 C, or at 26 + 0.5 C, as desired, 
for 2 weeks. Flasks containing wine were used as 
controls. Experiments were set up in triplicate. 

Three of the basal medium components, arabinose, 
tartaric acid, and glucose, were obviously obtained from 
natural sources. Preliminary experiments were carried 
out with arabinose and tartaric acid, alone and in 
combination, to determine whether or not they would 
support flor growth. Hall et al. (1933) have shown that 
purified table sugars contained enough nutrient factors 
to support some yeast growth. The glucose employed 
in this study, however, was of reagent grade and was 
considered to be essentially free of accessory growth 
factors. 

Estimation of flor development on the defined 
medium offered little difficulty. The original inoculum 
could usually be seen, after 2 weeks, floating on the 
medium in flasks which gave negative results, and was 
used as an aid in estimating growth. Estimates of 
growth were recorded as follows: —, no increase in 
inoculum; +, possible but not definite increase; +, 
definite increase, flor incomplete, smooth, thin; 2+, 
definite increase, flor complete, smooth, thin; 3+, 
definite increase, flor complete, smooth, thick; 4+. very 
heavy flor, wrinkled, thick. 
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RESULTS AND Discussion 

The results of trials of basal medium components. 
without addition of vitamins or amino acids, showed no 
growth of the flor with 10 and 15 per cent by volume 
ethanol at the temperatures employed. Arabinose and 
tartaric acid, alone and in combination, did not support 
flor growth within 3 weeks. Wine controls supported 44 
growth within 2 weeks. 

Growth of the flor on the complete medium at 10 per 
cent ethanol during incubation at 26 C with glucose was 
3+. Without glucose, growth was slower and did not go 
beyond the + stage. Similar results were obtained at 15 
per cent ethanol. However, with the higher amount of 
ethanol, appreciable growth was obtained only upon 
incubation at 20 + 3 C. This result is in accordance with 
the observations of Fornachon (1953) that the alcohol 
tolerance of the flor is subject to temperature limita- 
tions. He found that 20 C was optimum for the growth 
of flor at 15 to 16 per cent by volume ethanol. 

Results of experiments with the complete medium, in 
which single vitamins were omitted, are shown in table 
3. Flor growth was not initiated when all vitamins were 
omitted. Addition of all listed gave 3+ 
growth. Omission of thiamin, pyridoxine, nicotinic acid, 


Vitamins 


p-aminobenzoie acid and inositol singly, resulted in 3+ 
growth. Omission of riboflavin and biotin resulted in 
2+ growth. The medium without pantothenate failed to 
support definite growth. It is of interest that flor growth 
in the presence of pantothenate, when other vitamins 
were omitted singly, developed at least to the stage of 
complete coverage of this medium with a thin film (2+), 
Flor development on wine controls was 4+. This ex- 
periment was run 3 times, with essentially similar 
results at 10 and 15 per cent ethanol. 

Results of experiments with the basal medium plus 
amino acids, to which the vitamins listed were added 
singly, are shown in table 4. Flor growth was not initi- 
ated when all vitamins were omitted. Addition of all 
vitamins listed gave 3+ growth. Of the vitamins added 
singly, pantothenate alone supported detectable growth 
in 2 weeks. Flor development on wine controls was 4+. 
This experiment was repeated once with the same 
results. 

Flor growth in several sets of experiments was 
examined microscopically at various stages of develop: 
ment. The appearance of the cells was found to duplicatt 
the observations on cell shape and size noted by Forna 
chon (1953) in his thorough study. 

The pantothenate requirement for development of tht 
flor suggested that other compounds which are related 
to pantothenate might substitute for it in supporting 
growth of the flor. As B-alanine forms part of the pante- 
thenate molecule, the ability of this and the a form @ 
alanine to support growth of the flor was tested. Tht 
results of these experiments are shown in table 5. I! 
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TaBLeE 5. Effect on flor growth of a- and B-alanine, as substitute 
for pantothenate, in the complete medium, with 10 per cent 
ethanol, pH 3.5, at 26 C 


Medium Growth 


Complete (table 2) + 
Complete, less pantothenate ee 
Complete, less pantothenate, plus a-ala- 


nine - 
Complete, less pantothenate, plus 8-ala 

nine... ae + 
Wine controls 14 


this case, the growth of the flor in 2 weeks was relatively 
meager on the complete medium. However, flor develop- 
ment was definite on the medium containing panto- 
thenate, and on the medium in which #-alanine was 
substituted for pantothenate. No growth occurred on 
the media lacking pantothenate or containing a-alanine. 
Both forms of alanine were added at different levels, 1, 
j,and 10 mg per 100 ml. l'lor growth exhibited no vary- 
ing effect of the different amounts of B-alanine. Growth 
on the wine controls was ++. 

These results also seem significant in the light of the 
known metabolic attack on acetic acid by the flor. The 
acetate metabolism of the flor and the flor growth 
requirement for pantothenate or the B-alanine moiety of 
pantothenate, suggest that this stage of the organism 
wes the pantothenate in synthesis of coenzyme A. The 
acetate metabolism of this organism needs further 
investigation from this point of view. 

Experiments with folic acid, found in wines by Hall 
eal. (1956), and pyridoxal as a more utilizable form of 
vitamin Bs, were carried out. Neither folic acid nor 
pyridoxal appeared to be essential or notably stimula- 
tory to the growth of the flor. Flor growth ratings on 
wine controls and with pyridoxal and folic acid added 
singly or in combination were 3+. 

Flor growth response to addition or omission of single 
amino acids in the defined medium gave somewhat 
variable results. On the basal medium at 10 per cent 
ethanol without vitamins, with amino acids added 
singly, small but definite (+) flor development gener- 
illy occurred only in the presence of glycine or histidine. 
No growth occurred with addition of other amino acids 
singly. 

On the complete medium at 10 per cent ethanol, with 
omission of single amino acids, flor growth was small 
but definite (+), except for failure of flor growth with 
omission of histidine in some cases. 

The results suggested that there might be insufficient 
litrogen present for growth when single amino acids 
Were added in the amounts in which they were present 
ina young wine. Amino acids were added singly, in 
amounts of 10 mg per 100 ml, to the basal medium at 15 
per cent ethanol plus vitamins. In these experiments no 
for growth occurred with 9 amino acids (cystine, gly- 


cine, histidine, leucine, lysine, methionine, phenylal- 
anine, tyrosine, and valine). Six amino acids supported 
small but definite (+) growth (aspartic acid, glutamic 
acid, isoleucine, serine, threonine, and tryptophan). 
Two amino acids supported 2+ growth (arginine and 
proline). The complete medium supported 3+, and 
wine 4+, growth. These results are of interest in that 
varlier work (Castor 1953a; Castor and Archer, 1956) 
has indicated that aspartic acid, proline, serine, and 
threonine remain as the most abundant amino acids in 
young wine shortly after completion of alcoholic 
fermentation. 

The experimental evidence indicated that the com- 
plete medium as given in table 2 was sufficient to sup- 
port good growth of the flor. However, the number of 
cases in which the complete medium supported 3+ or 
less growth, while wine supported 4+ growth, sug- 
gested that the medium was not nutritionally equivalent 
to wine. The defined medium contained 17 amino acids. 
Wine has been reported by authors already cited to 
contain 24 amino acids. 

The defined medium was supplemented with small 
amounts of the amino acids additionally reported for 
wine by other workers. Amino acids in addition to the 
original 17 of the defined medium (table 2) were tested 
singly at 10 mg per 100 ml in basal medium at 15 per 
cent ethanol plus vitamins. Small but definite growth 
(+) was supported by a-alanine and y-aminobutyric 
acid. No growth appeared with 6-alanine, a-amino- 
butyric acid, cysteine, hydroxyproline, and norvaline. 
When all 24 amino acids reported for wine were used in 
the basal medium plus vitamins, flor growth was ap- 
parently equal to that on wine (4+). 

Further work on the possible amino acid require- 
ments of this and other strains of flor, and on the 
influence of accessory growth factors on the acetate and 
aldehyde metabolism of the flor, is in progress. 


SUMMARY 

The B-complex vitamin requirements for growth of a 
Saccharomyces strain of sherry flor yeast were investi- 
gated. A chemically defined medium simulating wine 
was employed. The flor development observed on 
various modifications of the medium indicated that 
pantothenate is an essential factor for growth, and that 
B-alanine can replace calcium pantothenate. Although 
good growth of the flor yeast was obtained on the 
defined medium, the results suggested that the medium 
was not in general nutritionally equivalent to wine. 
Experiments on the amino acid requirements for flor 
growth were inconclusive. 


REFERENCES 
AMERINE, M. A. 1954 Composition of wines. I. Organic 
constituents. Advances in Food Research, 5, 353-510. 
Castor, J. G. B. 1953a The free amino acids of musts and 
wines. I. Microbiological estimation of fourteen amino 





60 J. G. B. CASTOR AND T. E. ARCHER 


acids in California grape musts. Il. The fate of amino 
acids of must during alcoholic fermentation. Food Re- 
search, 18, 139-145; 146-151. 

Castor, J. G. B. 1953b B-complex vitamins of musts and 
wines as microbial growth factors. Appl. Microbiol., 1, 
97-102. 

Castor, J. G. B. anp Arcuer, T. E. 1956 Amino acids in 
must and wines, proline, serine, and threonine. Am. J. 
Enology, 7(1), 19-25. 

CrowTueRr, R. F. anp Truscorr, J. H. L. 1955 Note on the 
growth of flor yeasts. Can. J. Agr. Sei., 35(2), 211-212. 

Cruess, W. V. 1948 Investigations of the flor sherry proc- 
ess. Bulletin 710, College of Agr., University of Califor- 
nia, Berkeley. 

Dimorakas, P. 1956 Acides aminés dans les vins grees. 
Bull. off. int. vin, 29, 81. 

Fornacuon, J.C. M. 1953 Studies on the sherry flor. Aus- 
tralian Wine Board, Adelaide. 

FREIBERG, K. J. AND CruEss, W. V. 1955 A study of certain 
factors affecting the growth of flor yeast. Appl. Micro- 
biol., 3, 208-212. 

Hau, AticE P., BRINNER, Lisa, AMERINE, M. A., AND Mor- 
GAN, AGNES Fay. 1956 The B-vitamin content of grapes, 
musts and wines. Food Research, 21, 362-371. 

Haut, H. H., James, L. H., anp Stuart, L. 8S. 1933 Yeast 
growth stimulants in white sugars. Ind. Eng. Chem., 27, 
1052-1054. 

Lopp_ER, J., AND KREGER-VAN Ris, N.J.W. 1952 The yeasts, 
a taxonomic study. North Holland Publishing Co., Amster- 
dam. 

Lita, H. 1953 Papier chromatographische Trennung und 
Bestimmung von Aminosiiuren in Traubenmost und Wein. 
Deutsche Weinbau, Wissensch. Beiheffte 7(2), 33-54. 

Marcitta ARRAZOLA, J., ALAS, G., AND Fepucuy, Martino E. 
1936 Contribucién al estudio de la levaduras que forman 


IVOL, 5 


velo sobre ciertos vinos de elevado grado aleoholico, 
Anales centro invest. vinicolas, 1, 1-230. 

Moraan, A. F., Noses, H. L., Wrens, A., Marsu, G. L., ayp 
WinkteER, A. J. 1939 The B-vitamins of California 
grape juices and wines. Food Research, 4, 217-219, 

NEILSEN, Nora E, 1952 The effect of oxygen on growth and 
carbon metabolism of flor and related yeasts. PhD. 
Thesis, University of California, Berkeley. 

Nrenaus, C.J. G. 1937 South African Sherries. Farming jn 
S. Africa, 12, 82-85. 

Otson, B. H. AND Jounson, M. J. 1949 Factors producing 
high yeast yields in synthetic media. J. Bacteriol., §7 
235-245. 

Procopio, M. anp Caué, T. 1954 Amino acidi liberi nej 
vini. Riv. viticol. e enol. (Conegliano), 7(1), 12-16. 

ScHANDERL, H. 1936 Untersuchungen’ iiber  sogenannte 
Jerez-Hefen. Wein u. Rebe, 18, 16. 

ScHANDERL, H. 1950 Die Mikrobiologie des Weines. Handbuch 
der Kellerwirtschaft. Il. Stuttgart. 

SIsAKIAN, N. M. anp Bezincer, EK. N. 1953 Modification 
of the amino acid composition of wine during the first 
stages of its preparation (in Russian). Biokhimiya, 18, 
412-422. 

TARANTOLA, C. 1954 Separazione e identificazione croma- 
tografica degli amino-acidi nei vini. Atti accad. ital. 
vite e del vino, 6. 


VauaizE, H. anp Dupont, G. 1951 Les acides aminé et le 


bouquet des vins. Inds. agret. aliment., 68, 245-250. 
WIcKERHAM, L. J., FLickINGER, May H., anp Burton, K. 

A. 1946 A modification of Henrici’s vegetable-juice 

sporulation medium for yeasts. J. Bacteriol., 52, 611-612. 
Witurams, R. J., et al. 1941 Studies on the vitamin content 

of tissues. I. Univ. Texas Publ., No. 4137. October 1, 
1941. 








| 
gal 
rep 
var 
isl 
duc 
stal 
tha 
me 
spo 
an 
lim 


an 


nol 
vid 
of 
elie 
Col 
pot 
dis| 
ma 
pel 


cre, 
pra 
to 
Th 
abe 
on 


0.5 


SPC 


me 


Ene 


dia 
chu 





OL, 5 


10lico, 


i», AND 
fornia 
). 

th and 
Ph.D, 


ling in 


ducing 


r1., 87, 


Pri nej 
16. 
nannte 


ndbuch 


ication 
1e first 
ya, 18, 


croma- 
id. ital. 


é et le 
50. 

‘ON, K. 
le-juice 
)1 1-612, 
content 
ober 1, 





The Membrane Filter Technique in Radiation Studies of 


Spores of Bacillus megatertum' 


E. L. Powers, C. F. 


KHRET, AND ANNE BANNON 


Division of Biological and Medical Research, Argonne National Laboratory, Lemont, Illinois 


Received for publication July 23, 


For certain radiation experiments with microor- 
ganisms it was desirable to develop methods with high 
reproducibility for treatment of organisms under a 
variety of physical conditions. One of the methods tried 
is regarded as successful, since it is a rapid and repro- 
ducible system of handling bacterial spores in the dry 
state with a replicating error considerably smaller than 
that of ordinary serial dilution techniques. In the 
method, mechanically apportioned aliquots of bacterial 
spores are mounted on cellulose ester membrane filters 
and germinated on the filter after treatment. A pre- 
liminary report of this technique has appeared (Powers 
and Ehret, 1953). 


MATERIALS AND MeETHODS 
Materials 


The strains of Bacillus megaterium used were the 
nonlysogenic sporogenous strain no. 337 (kindly pro- 
vided by Dr. H. J. Welshimer of the Medical College 
of Virginia, Richmond) and the nonlysogenic sporog- 
enous strain no. 8245 of the American Type Culture 
The stock 
potato extract agar. Spores were produced on Petri 
dishes by growing streaks for 3 to 4 days at 35 C. The 


Collection. cultures were maintained on 


masses of spores were washed from the surface, resus- 
pended several times in distilled water, and filtered 
3 times through fritted disk Buchner funnels of de- 
creasing pore size. The resulting suspensions were 
practically homogeneous: stained samples showed them 
to consist almost entirely of spores—over 99.9 per cent. 
These stock suspensions in distilled water were kept at 
about 5 C. 

The membrane filters employed? retain quantitatively 
on their surfaces all particles of dimensions greater than 
0.5 u (Bush, 1952) and, therefore, hold back all the 
spores of B. megaterium (about 1 X& 1.5 p). 


General Method 


The general method of mounting the spores, of treat- 
ment, and of testing for survival consists of the fol- 

‘Work performed under the auspices of the U. 8. Atomic 
Energy Commission. 

* Hydrosol HA) Millipore Filters, 40-mm 
diameter, Millipore Filter Corporation, Watertown 72, Massa 
chusetts. 
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lowing steps. An 
stock suspension 


appropriate aliquot taken from the 
of spores is transferred through a 
distilled water until the suspension 
is diluted to the desired level. Aliquots from this Dilu- 
tion Reservoir Flask (DRI) are taken with an auto- 
matic pipettor and put into a Filter Donor Flask (IDF) 
containing about 50 ml distilled water. This volume is 
poured through the filter apparatus, the flask rinsed 
with a 5 to 10 ml portion of water, and the funnel 
rinsed once more with another small volume of water. 
This procedure effectively transfers all spores from the 
vessel and funnel to the membrane filter (MI). (Recov- 
ery experiments indicate that at most 8 to 10 out of 
10° spores are recoverable from the washed vessel and 
funnel.) This operation requires about 30 sec per MI. 
Then the MF is dried in a vacuum desiccator at less 
than Il-mm pressure. Treatment (irradiation, for in- 
stance) may take place from several hours to several 
weeks afterwards with no apparent difference in re- 
sponse (see below). After treatment, the dry MF is 
put on a nutrient absorbent pad soaked with culture 
medium in a small Petri dish, and the dish is covered 
and incubated in an inverted position at 35 C for about 
16 hr. The nutrient soaks through the MF, and germi- 
nation and colony growth take place on its surface. 
Counts of colonies are made the next day. 

It should be noted that the manually operated pipette 
is used only at the initial dilutions. After preparation 
of the DRF only mechanical pipetting is utilized. The 
spore count is fixed after the MF is prepared; subse- 
quent to treatment, the only step that contributes to 
error is the counting technique, in contrast to the 
many studies in which the dilution series follows treat- 
ment. 


dilution series in 


FAcTORS CONTROLLING GERMINATION 


Several cautions must be observed to reduce vari- 
ability of spore counts and to increase reproducibility. 
Also, certain traditional cautions in handling bacterial 
spores are not of importance and may be ignored with 
no adverse effect on the experiment, and with an in- 
crease in convenience and reproducibility. Brief de- 
scriptions of these factors follow: 

Composition of germinating medium. Several kinds of 
liquid media were tested in order to obtain maximum 





62 Kk. L. POWERS, C. F. EHRET AND A. BANNON 


colony formation from the wet or dried spores on the 
MF. The glucose-peptone medium was the best of 
those tested, yielding 100 per cent recoveries under 
certain conditions. This medium contains, per L of wa- 
ter, glucose, 2.5 g; peptone, 5.0 g; NaCl, 0.5 g; dipotas- 
sium phosphate, 5.0 g; and ammonium sulfate, 2.5 g. A 
similar commercially available medium that does not re- 
quire buffering is that used in the Methyl-Red Voges- 
Proskauer test,’ which, in double the recommended 
strength at pH 6.9 to 7.0, appears to be equally satis- 
factory, giving 100 per cent germination and good colony 
formation. 

The hydrogen ion concentration of the two media 
named above influenced the efficiency of germination. 
The hydrogen ion concentration of the glucose-peptone 
medium was varied by appropriate amounts of 0.2 M 
KH:PO.-NaOH buffer, and that of the Voges-Pros- 
kauer medium with NaOH and HCl. In both instances 
there is a high plateau of germination between pH 6 
and pH 7.5. 

Although colony count is relatively independent of 
hydrogen ion concentration within this range under 
these conditions, colony morphology is affected. After 
16-hr incubation at 35 C, the colonies are all dull in 
appearance below pH 6.5, all shiny in appearance above 
pH 7.5, and may be either dull or shiny in the middle 
pH range. The shiny colonies consist entirely of vege- 
tative nonsporulating rods; the mixed and dull colonies 
consist of vegetative forms, sporulating rods and spores. 

Volume of medium. An important factor in controlling 
reproducibility is the amount of fluid medium pipetted 
upon the absorbent pad. When the volume is small, 
germination is low and microcolonies are frequent. 
When the volume is too high, the colonies spread, con- 
fluence occurs, and thus the colonies are not countable. 
It was found for dry MF’s that 1.8 to 1.9 ml of fluid on 
the culture pad, covered by the filter and the Petri dish 
cover within about 15 sec, yield consistently good 
colony morphology and count. The limits are relatively 
narrow, 1.7 ml being too little and 2.0 ml being too 
much for good recovery .! 

Number of spores. An upper limit to the number of 
spores that can be counted on each MI’ may be ex- 
pected (whether loss is by confluence or coincidence, or 
by suppression) with the efficiency of the count going 
down as the absolute number goes up. This was tested di- 
rectly in the following manner. From a spore suspension 


’ Peptone 7 g, dipotassium phosphate 5 g, glucose (Difco) 
17 gin 1 L of water for “‘single strength.”’ 

4 For a number of years the pads and filters purchased by us 
have shown consistent absorbency. When this paper was in 
press, a shipment was received that differed from previous 
ones, the amount of fluid for good colony morphology and 
count being changed to 1.7 ml fluid (limits of 1.65 and 1.75). 
Since the manufacturer cannot explain this change in char- 
acteristic, each batch in the future will have to be tested be 
fore use. 
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of approximately 40 spores per ml, a series of 10 repli- 
cate filters, each containing the spores of one aliquot of 
about | ml, was prepared. Another series containing 
two aliquots, and series with three, with four and with 
five aliquots, were prepared. These were germinated 
and colonies were counted. There is a definite loss in 
the number of colonies as the number of colonies ex- 
pected increases, with only 91 per cent recovery ob- 
served when the mean colony number reaches 166.3, 
The highest number that can be counted with no cor- 
rection is between 70 and 80 on each filter; as the num- 
ber goes above this, corrections should be made for 
loss. Our routine is to set original concentrations and 
treatments such that 50 to 70 colonies are expected at 
the time of count. 

Age of spore suspension. Statistically reproducible 
experimental results can be obtained from suspensions 
of spores that are kept refrigerated for periods of time 
up to at least 2 yr. As described below for a 13-month 
period, the same suspension can be used, with obvious 
advantages. 

Age of prepared MF’s. Exactly similar experimental 
results have been obtained using dried MF’s containing 
spores, differing in age by nearly 3 weeks. In one ex- 
periment the mean count on day 1 was 46.0 colonies 
per filter disc as compared with 49.6 recorded 17 days 
later. The ¢ value is 1.942 which with 28 degrees of free- 
dom indicates a P value of 0.05 to 0.10. 

Heat shock. In contrast to usual recommendations 
for spore germination, no heat treatment is necessary. 
Highly reproducible results are obtained by putting the 
cultures at about 35 C directly from room temperature. 
Under the conditions described, 100 per cent of the 
spores on the dises germinate and produce countable 
colonies (see below). 


MECHANICAL SOURCES OF ERROR 


Settling of the spores. The calculated rate of settling of 
the spores in water is large enough to introduce error if 
the preparation stands for some time. Therefore, the 
stock flash and dilution vessels were thoroughly agitated 
during the automatic pipetting operation with the DRF 
mounted on a shaker driven at 1 oscillation per sec. 
There is no dectectable effect on survival from. this 
treatment. 

Dilution errors. Nonreproducible | manipulations 
during pipetting are the chief sources of variability, 
after the biologic factors affecting germination are con- 
trolled. In the procedures outlined here, we were able 
to partition these errors into two types: (1) those asso- 
ciated with preparation of the DRF’s from the stock 
(a large dilution accomplished manually in several 
steps); and (2) those associated with preparation ol 
the MF’s and FDF’s from the DRF (an aliquot of 
no dilution dispensed mechanically in one step). 

Comparison of the variability arising from the two 
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TaBLE |. Results of assays of replicated dilutions from one stock In a separate set of calculations, each of the 17 means 
suspension to compare the small variability within each assay was treated as a separate measurement with the fol- 
lowing results: mean, 78.2; standard deviation, 20.6; 

- coefficient of variation, 26.3 per cent. This shows that 


(mechanical operation) with the larger variability among 
the means (manual operation) 


oon No. Discs | No Crpmes | neviation te) | 9/% X 100 the coefficient of variation is about 2.5 times that of 
- the value (~10 per cent) seen after purely mechanical 
| 7 76.0 6.1 8.0 manipulations (table 1). 
) 9 7 5 . . 
= 3 70.1 4.3 6.1 Comparison of these measurements with the colony 
72.3 1.3 5.9 sonia ° 
; 10 61.0 1 67 counts obtained with the Petroff-Hausser® counting 
5 10 112.3 8.0 7] chamber (N, 56; mean, 18.15; standard deviation, 4.64; 
6 10 74.0 7.3 9.9 coefficient of variation, 25.6 per cent) are of interest 
7 10) 100.7 10.8 10.7 for two reasons. First, the variabilities of the two 
° 10 ee = 15.7 methods are almost exactly the same. And, second, the 
9 8 65.: 3.4 5.8 : ‘ phi é 
10 10 69.2 56 81 technique is seen to be yi Iding 100 per ce nt germina- 
7 12 759 7.0 9.2 tion and recovery. The titer calculated from the Pet- 
12 17 73.3 6.5 8.9 roff-Hausser chamber counts is (3.63 + 0.124) XK 108 
13 13 68.9 6.8 9.9 spores per ml and that from the filter technique is (3.71 
223.8 7 Qn 
e ns — — oie + 0.237) X 10°. 
15 1] 71.8 5.8 8.1 I ble 2 th f ee : f th 
‘ » > pres : € € ‘ rae rare A > 
16 15 106.9 12.9 12.1 n table 2 the results of an analysis of variance of the 
17 7 13.2 8.0 18.4 general operation are presented. The F value for 1 per 


cent with 16 and 160 degrees of freedom is 2.12 which 


TABLE 2. Analysis of variance of spore counts comparing type 1 (‘‘manual’’) with type 2 (‘‘mechanical’’) pipetting operations 


Source of Variation ~ squares d.f. Mean Square F Pp i a 

Total 71,915 176 
Manual (operation | 63,279 16 3,955 73.24 <«<0.01 o” + No; 
Mechanical (operation 2) : 8,636 160 54 oe 

*¢;? is the variance of the type 1 operation; o? is the variance of the type 2 operation; 7% is that average number of type 2 op- 
erations for each type 1 operation as is defined by % = [1/(k — 1)J[Z n; — (2 n2/E n;)] where k is the number of type 1 operations 
and n; is the number of type 2 operations following type 1 operation 7. (Brownlee, 1947). In this instance, % = 10.37. 
types of operations was accomplished in the following indicates high significance for the value 73.24 actually 
manner, Seventeen DRI’s were separately prepared by found; this means that the variability of the type 1 
the usual hand dilution technique from the same stock operation contributes significantly to the total varia- 
flask. From each of these DRF’s about 10 membranes bility. Actual variance values calculated were o? = 
(precise number in table 1) were prepared in the usual 375 and o? = 54, giving a ratio o;?/o. = 6.95; this 
manner with the automatic pipettor, and from these also indicates that most of the variability resides in the 
the mean number of spores in each of the dilution flasks manual type | operation. 
was estimated. This provided 17 mean values from In practice, the precision of the system should ap- 
which the concentration of spores in the stock flask was proach that indicated by the error of the type 2 
estimated. The spread in the numbers of colonies on operations. The investigator can practicably increase 
the discs within each pipettor group is a measure of the the accuracy of his large step dilutions (type 1) by the 
variability contributed by that operation; and the use of larger diluent volumes and larger donor aliquots, 
spread among the 17 means is a measure of the contribu- since only a single dilution series is normally necessary 
tion of the hand-pipetting operation to the total vari- in a typical dose-response experiment. The use of a 
ability. The data are presented in several ways. single DRF for all aliquots (mechanically dispensed) 

In table 1, the mean, the standard deviation of the within an experiment has driven the variability in some 
mean, and the coefficient of variation are presented for _ instances close to the region of its theoretical minimum. 


each of the 17 measurements. It is seen that for the - < 

; 9 ae THe X-Ray Dose RESPONSE 
mechanical type 2 operation the standard deviation 
is usually 10 per cent or less of the mean.° Over a period of several years we have been meas- 


uring the loss of colony-forming capacity induced by 


5 Poisson error expectation is 100/V n X mean; or, in the case 
of run 1 in table 1, 4.3 per cent, to be compared to the observed 6 Petroff-Hausser Bacteria Counter, C. A. Hausser & Son, 
coefficient of variation of 8 per cent. Philadelphia, Pa. 
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Fic. 1. Relationship between dosage of soft x-rays and count 
of colonies from dry spores of Bacillus megaterium. 


various ionizing radiations in the dry spores. We pre- 
sent in figure | four response curves, selected to demon- 
strate the representative features of the system. Dried 
spores on MIF’s were irradiated with a Machlett OEG- 
60’ beryllium window tube at 50 kvp. The irradiation 
was unfiltered except for the intrinsic filtration of the 
tube and of 15 cm of air intervening between the tube 
window and the sample. Dose rate was measured with a 
windowless air-ionization chamber. In three of these 
exposures the rate was 16,600 r per min; the August 
1954 sample was irradiated at 21,800 r per min. The 
x-rays were of the “‘soft” variety, (half value layer 
0.065 mm Al) (effectively 8 kv x-ray). Since the bac- 
terial spores are mounted on the surface of the filter, 
the dosage measured is probably very nearly the dosage 
received by the spores. In addition, backscatter to the 


7 Machlett Laboratories, Inc., Springdale, Conn. 
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spores was minimized by their position on a cellulose 
dise which in turn was placed on a thin lucite film, 

igure | demonstrates that the radiosensitivity of 
a stock suspension (Bacillus megatertum strain 337 no, 
3) remains unchanged over a period of 13 months be- 
tween assays; that suspensions of the same stock pre- 
pared on different occasions (Bacillus megaterium strain 
337 no. | versus 337 no. 3) have the same sensitivity; 
and that different sporogenous strains of the species 
(3387 versus Bacillus megaterium strain ATCC 8245) 
give the same dose response with exceptional repro- 
ducibility. One significant aspect observed in most of 
our experiments is that the inactivation response de- 
parts slightly from the exponential. In the response 
curve in figure | the extrapolated intercept on the y 
axis of the purely exponential portion of the curve is 

.21 in contrast to the expected 1.00 if the curve were 
a simple exponential. Deviations from unity of this 
magnitude has been observed consistently; their impli- 
cations are being examined experimentally at the pres- 
ent time. 
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SUMMARY 


A technique is described which utilizes membrane 
filters in the determination of the sensitivity of spores 
of Bacillus megaterium to x-irradiation. Germination 
efficiency is affected by the composition and amount of 
medium used. In optimal circumstances 100 per cent 
recoveries are routine. The spores, suspended in cold 
distilled water, retain colony-forming capacity for over 
two years. Variability in counts arises mostly from 
hand-pipetting manipulations. When most of these are 
eliminated from the procedure, highly reproducible 
radiation response curves can be obtained. These char- 
acteristically demonstrate small departures from simple 
exponential form. 
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The various permutations of the Maillard amino- 
sugar (Maillard, 1912) 
attracted the attention of microbiologists only within 


“browning”? reaction have 
recent years, although food technologists have long 
been concerned with this reactions (Kline, 
1950). Although Lewis (1930) warned of the effects of 
such reactions in bacteriologie culture media, their 


Class of 


potential significance in many types of microbiologic 
investigations may not be appreciated generally. More 
recently, however, accumulating evidence for an in- 
fluence of Maillard-type reactions upon microbiologic 
assays (Hill and Patton, 1947; Patton and Hill, 1948; 
Camien and Dunn, 1950) has attracted some interest 
in conditions of sterilization which affect the avail- 
ability of amino acids for bacterial assimilation (Rabino- 
1947; Riesen et al., 1947; Lankford 


and Lacy, 1949; Dawson and Robson, 1950). 


witz and Snell, 


This report amplifies and extends an earlier note 
(Lankford et al., 1947) on factors which influence the 
cystine in heat-sterilized 


bacterial assimilation of 


culture media containing glucose. 


MATERIALS AND METHODS 


Cultures of Lactobacillus arabinosus strain 17-5 and 
Leuconostoc mesenteroides strain P-60 were maintained 
in glucose yeast extract agar stabs, from which they 
were inoculated in glucose yeast extract broth for the 
seed cultures. For the inoculum, an 18-hr culture was 
centrifuged, washed once with sterile saline, then re- 
suspended in saline to the original culture volume. One 
drop of a 10-fold dilution of this suspension was added 
to each tube. 

The test medium was adapted from those of Lyman 
etal. (1946) in order to take advantage of the simplicity 
of their hydrogen peroxide-treated peptone base. Since 
this treatment tryptophan, 
tyrosine and cystine, the first three amino acids were 


destroys methionine, 
restored to the medium to be used for cystine assay. 
In order to simplify the studies further, their ‘‘Strepto- 


‘This investigation was supported in part by grants from 
the U. S. Public Health Service National Institutes of Health 
(E-285), and from the University of Texas Research Institute. 

2 Present address: Department of Bacteriology, The Uni- 
versity of Oklahoma School of Medicine, Oklahoma City, 
Oklahoma. 
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’ 


coccus faecalis strain R medium” was used for both 


test organisms, with these modifications: succinic acid 
and NaCl were omitted; 400 ug each of pyridoxal and 
pyridoxamine were added; p-aminobenzoic acid was 
increased to 200 wg, sodium acetate to 12 g, and H.Os- 
treated peptone to 15 g per L of double strength base. 
lresh solutions of L-cystine were prepared and pipetted 
after 
sterilization by heat or filtration. To each tube were 
added 2.5 ml of double strength base, 1 ml of 10 per 


to the tubes before sterilization, or separate 


cent glucose, cystine solution, and distilled water to 
make 5 ml. 
sterilization 


The pH of the medium and conditions of 
are indicated with each figure or table. If 
glucose was to be autoclaved separately, a 10 per cent 
solution was sterilized at the same temperature and 
time as the medium, then pipetted aseptically to tubes 
of the medium to a final concentration of 2 per cent. 
All solutions which required aseptic filtration were 
passed through sterile fritted glass UF filters. Except 
when otherwise stated, the culture medium was auto- 
claved at 121 C for 15 min at an initial pH of 6.8. The 
test cultures were incubated at 35 to 36 C for periods 
ranging from 18 to 72 hr. Growth response was meas- 
ured turbidimetrically with the Klett-Summerson 
electrophotometer, and acidimetrically by titration 
with 0.1 ~ NaOH to bromthymol blue end point. Al- 
though turbidity values were recorded in the figures, 
acid titrations produced qualitatively similar results. 
The data reported here relate only to cystine, although 
similar results were obtained with cysteine. 
RESULTS 

Parallel dose-response tests with cystine were con- 
ducted with glucose autoclaved in the cystine-contain- 
ing medium, and with glucose autoclaved separately, 
then added aseptically. The extent of cystine ‘‘destrue- 
tion’’ caused by autoclaving it in the glucose-containing 
medium is illustrated in figure 1. As indicated by the 
decreased sensitivity of growth response of L. arabinosus 
over 90 per cent destruction of cystine resulted from 
autoclaving the glucose-containing medium for 30 min. 
Decreasing the autoclaving time produced a sharp in- 
crease in sensitivity of response to cystine, an indication 
of correspondingly less cystine destruction. A similar 
effect was obtained by reducing the temperature of 
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Fig. 1. Effect of autoclaving time on cystine utilization. 
Lactobacillus arabinosus in medium autoclaved at 121 C for 
different periods of time. Initial pH 6.8. Incubation time, 20 
hr. Turbidity determined with Klett-Summerson electro 
photometer. A: glucose autoclaved separately. B, C, D: glu- 
cose autoclaved in medium. 











vw 


sterilization. For example, the dose-response curve for 
10 min at 115 C (not shown figures) was almost 
identical with that obtained with 5 min at 121 C (figure 
1). This and subsequent experiments demonstrated 
that appreciable destruction of cystine is unavoidable 
at any effective autoclaving conditions if 
present in the medium during sterilization. 
Other observable effects of autoclaving the glucose- 
containing medium were an amber color resulting from 
glucose degradation, 


glucose is 


less uniform and_ reproducible 
dose-response curves and a decrease in growth max- 
imum (figures 1 and 4), which is a possible consequence 
of partial destruction of 
(Patton and Hill, 1948; 
So sensitive was the 


other essential nutrients 
Lankford and 1949). 
response of L. arabinosus to 
cystine destruction by glucose that tubes in the outside 
rows of a rack replicate tubes sterilized together 
often produced less growth and showed more browning 
than those slightly protected from steam in the in- 
side rows. 


Lacy, 


The pH of the medium during sterilization was found 
to exert an influence upon cystine inactivation no less 
striking than that of time and temperature of steriliza- 
tion (figure 2). The sensitivity of L. arabinosus to 
cystine was compared in media adjusted to different pH 
values before they were autoclaved at 121 C for 15 
min. Within the tested, 
destruction in 


range the degree of cystine 
glucose-containing medium = was_ in 
direct relation to the increase in pH. This effect also 
was observed to parallel the extent of glucose degrada- 
tion as indicated by the degree of browning of the 
medium. At pH 7.3 the growth response to cystine in 
the medium autoclaved with glucose was less than 20 
per cent of that in the medium to which glucose was 
added after sterilization. It is significant that even at 
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Fig. 2. Effect of initial pH of autoclaved medium on growth 
response to cystine. Lactobacillus arabinosus in medium auto 
claved at 121 C for 15 min at different pH values. Incubation 
time 20 hr. A, B C, D, &: 
glucose 


: glucose autoclaved separately. 
autoclaved in medium. 


pH 6.3 there was at least 50 per cent loss of sensitivity 
to cystine in the medium autoclaved with glucose. It 
should be noted also that at pH 7.3, as compared with 
pH 6.3, there was appreciable destruction of 
even with glucose sterilized separately. 


cystine, 
This suggests 
that another pH sensitive mechanism operates in the 
absence of glucose to transform a portion of the cystine 
to substances not readily assimilable by L. arabinosus. 

Further evidence for a second mechanism of cystine 
destruction is illustrated in figures 3 filtered 
cystine (curve A) produced a better 
growth than cystine autoclaved with the 
(curve B). The extent of cystine 
these conditions was increased by 


and 

significantly 
response 
glucose-free base 
destruction under 
increasing the time and temperature of sterilization, or 
by increasing the initial pH of the medium (figure 
3B, C). It has been demonstrated that autoclaving 
cystine solutions effects partial degradation of the 
molecule to pyruvate, NH,*, H.S, colloidal sulfur and 
other products, and that the colloidal S®° may be bac- 
teriostatic for small inocula (Schuhardt et al., 1942; 
1952). From 10 to 20 per cent of the cystine 
is destroyed in this manner by 


tose ef al., 
the usual autoclaving 
Although there is lack of supporting evi- 
dence, it appears likely that this destructive mechanism 
is additive to the glucose-induced 


conditions. 


inactivation of 
cystine in autoclaved media. 

Some insight into the mechanism of glucose-mediated 
destruction of cystine and cysteine has been obtained 
from several sources. It has been demonstrated by 
Schubert (1939) and Agren (1940) that the aldehyde 
form of glucose combines through loss of water with 
the amino and thiol groups of cysteine to form a 
thiazolidine carboxylic acid complex. This reaction 
occurs at room temperature but is accelerated by heat 
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and phosphate. The formation of such a compound in 
heat-sterilized culture media conceivably might render 
a fraction of the cysteine unavailable to an organism 
unable to dissociate it into its glucose and cysteine 
components. It is more probable, however, that a 
“secondary”? Maillard reaction involving degradation 
products of glucose accounts for the striking decrease 
in microbiologic activity of cyst(e)ine autoclaved in 
media containing reducing sugar. Such a_ reaction 
probably would occur between lower molecular weight 
aldehydes (for example, hydroxymethyl furfural, 
methyl glyoxal, glyceric aldehyde, and so forth) which 
result from cleavage and oxidation of the carbon chain, 
to yield more stable thiazolidine carboxylic acids 
(Ratner and Clark, 1937). Such compounds may dis- 
sociate less readily and be less susceptible to enzymatic 
attack by certain microorganisms than sugar thiazoli- 
dines formed at room temperature. Thus, it was found 
that filter-sterilized thiazolidine-4-carboxylic — acid, 
prepared from cysteine according to Schubert (1939), 
was utilized by L. mesenteroides and L. arabinosus only 
15 to 20 per cent as efficiently as was L-cystine, within 
the usual time limits of incubation. 

When a solution of glucose and cystine was auto- 
claved, it remained uncolored and there was relatively 


little loss of activity of eystine,ascompared with the con- 
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Fic. 3. Sensitivity of response to cystine as influenced by 
conditions of sterilization. Leuconostoc mesenteroides strain 
P-60. Incubation, 72 hr. A: Cystine filtered and glucose auto- 
claved separately, then added to sterile medium; medium 
autoclaved 121 C, 15 min. B: Cystine autoclaved in medium; 
glucose autoclaved separately; medium autoclaved at pH 6.8, 
115 C, 10 min. C: Cystine autoclaved in medium, glucose auto- 
claved separately ; medium autoclaved at pH 6.8, 121 C, 15 min. 
D: Glucose and cystine autoclaved in medium, pH 6.8, 121 C, 
15 min. 
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Fic. 4. The effect of conditions of sterilization on cystine 
utilization by Lactobacillus arabinosus. Medium base auto- 
claved at pH 6.8 for 15 min at 121 C; NH,CI (0.3 per cent) 
sterilized in medium, exceptin D. Incubation, 72 hr. A: Cystine 
filtered, glucose autoclaved separately. B: Glucose autoclaved 
separately; cystine autoclaved in medium. C: Glucose and 
cystine autoclaved in medium. D: Glucose and cystine auto- 
claved in medium; NH,Cl autoclaved separately. 


trol (curve A) in which glucose was sterilized separately 
(figure 5B). When phosphate was autoclaved with the 
cystine-glucose solution, it became deeply colored and 
the resulting growth response was decreased sharply. 
Since phosphate is known to accelerate the degradation 
of reducing sugars (Lewis, 1930; Smith, 1932), its 
contribution to the destruction of cystine may be due 
to production of more active aldehyde fragments from 
the sugar. As might be anticipated, a higher concentra- 
tion of phosphate increased the extent of cystine in- 
activation (figure 5C, D). The final concentration of 
glucose in the medium was such (2.0 per cent) that the 
fraction destroyed was found not to be critical. 

If the loss of microbiologic activity of cyst(e)ine 
were due to its reaction with aldehyde fragments of 
glucose to form unassimilable compounds, it might be 
anticipated that aldehyde reagents would protect the 
cystine. The degree of protection afforded by such sub- 
stances should be related to their capacity to compete 
with cysteine for the aldehyde. Since ammonium ion 
frequently is added to culture media as a supple- 
mentary nitrogen source, it seems possible that its 
beneficial effect may be due in part to its capacity to 
bind aldehydes, thereby protecting essential amino 
and amino-thiol nutrient components of the medium. 
This function was demonstrated by comparing the 
destruction of cystine autoclaved in a medium contain- 
ing glucose and 0.3 per cent ammonium chloride 
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Fic. 5. Effects of phosphate and ammonium chloride on 
“inactivation”’ of cystine. Ammonium chloride (1.0 per cent) 


sterilized in medium base, except in E. Phosphate sterilized ~ 


separately from base in C, D and E. Medium base and all 
solutions autoclaved at pH 6.8 for 15 min at 121 C. Incubation, 
72 hr. A: Glucose autoclaved separately; cystine autoclaved in 
medium. B: Glucose and cystine autoclaved together, then 
added to sterile base. C: Glucose, cystine and phosphate auto 
claved together, then added to sterile base. D: Same as C, 
except phosphate increased 4-fold. E: Same as C, except NH,Cl 
autoclaved with glucose, cystine and phosphate. 


(figure 4C) with that to which the ammonium salt was 
added after sterilization (figure 4D). Under these con- 
ditions, inclusion of the ammonium salt during steriliza- 
tion approximately doubled the growth response of L. 
arabinosus to cystine (C). The protective action of am- 
monium ion was demonstrated in an even more striking 
manner in the experiment illustrated in figure 5. In 
this instance 1.0 per cent NH,Cl was added to the 
basal medium for tests A, B, C and D, but in FE it was 
included in the mixture of glucose, phosphate and 
cystine, which then was autoclaved separately from 
the remaining constituents of the medium. The pres- 
ence of ammonium ion during sterilization increased 
the sensitivity of response to cystine by 8- to 10-fold, 
as compared to that obtained with the cystine-glucose- 
phosphate mixture. 

Additional evidence for an aldehyde-cystine reaction 
was obtained by autoclaving other aldehyde reagents 
with the glucose-phosphate-cystine solution (table 1). 
Although the results were complicated somewhat by 
individual effects of these compounds, sodium bisulfite 
and 2,4-dinitrophenylhydrazine afforded definite 
though incomplete protection to the cystine. The 
results with Dimedon were inconsistent. 

As mentioned previously, media autoclaved with 
glucose attained a lower maximum cell density, even 
in the presence of excess cystine, than those to which 
glucose was added separately. This effect was con- 
sidered to result other essential 


from reaction of 
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TaBLeE 1. Protection of cystine by aldehyde reagents 

M1 0.05 n NaOH to Neu- 

tralize 10 ml of Mediumt+ 

Solutions Autoclaved Separately* 
Cystine, ug per ml 
0.3 0.4 


Glucose + cystine = 7.6 10.4 
Glucose + cystine + phosphate 0 0.8 
Glucose + cystine + phosphate + 

NH,Cl ree 2.0 2.4 
Glucose + cystine + phosphate + 

2,4-dinitrophenylhydrazine. . . 4.4 5.6 
Glucose + cystine + phosphate + 

NaHSO; FP ey 2.8 4.4 


* Solutions contained 10-fold the final concentration in the 
medium. Concentration of aldehyde reagents in solution was 
0.5 per cent. Medium and solutions adjusted to pH 7.0 before 
autoclaving at 121 C for 15 min. Solutions added aseptically 
to sterile medium, | part to 9 parts medium. 

+ Growth response of Leuconostoc mesenteroides strain P-60, 
in terms of acid production, after 72 hr incubation. 


nutrients with aldehydic products of glucose degrada- 
tion (Patton and Hill, 1948; Lankford and Lacy, 
1949). It was observed that ammonium salts sterilized 
in the medium increased the maximum cell density to 


a value approaching that obtained with glucose 
sterilized separately. This effect was not obtained 


when the ammonium salt was sterilized separately. It 
is significant that the protective effect of ammonium 
salts did not extend to the destruction of cystine in 
media autoclaved in the absence of glucose. This is 
interpreted as additional evidence for a different 
mechanism of cystine destruction under these con- 
ditions. 

Limited studies have been made of the capacity of 
certain other organisms to assimilate cystine auto- 
claved in sugar-containing media. Marked differences 
were found in their ability to utilize such altered or 
“bound” cystine. Proteus morganii, for example, was 
able to utilize cystine about equally well whether 
glucose was autoclaved separately or in the medium. 
Possibly this organism is capable of assimilating the 
reaction products of cystine and glucose degradation 
products as readily as unaltered cyst(e)ine. On the 
other hand, it has been demonstrated that sterilizing 
glucose in a peptone-phosphate-agar medium partially 
suppressed growth of Nezsseria gonorrhoeae by creating 


a cyst(e)ine deficiency (Lankford, 1950). It was the | 


experience of Lewis (1930) that different species varied 
widely in their capacity to grow in an ammonium 
salts medium or in a dilute amino acid medium auto- 
claved with glucose and phosphate. He suggested that 
growth in such media was related to the capacity of 
the organism to dissociate the aldehyde-ammonia or 
the aldehyde-amino products of glucose degradation. 
Thus, failure of an organism to grow in these circum- 
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stances may be due to its inability to assimilate the 
Maillard complex, and not necessarily to formation of 
products of glucose with primary toxicity. 


SUMMARY 


Conditions of sterilization which affect the utilization 
of cyst(e)ine by lactic acid bacteria have been studied 
in a hydrogen peroxide-treated peptone medium. At 
least two mechanisms may operate in autoclaved media 
to destroy fractions of the cystine, or to render it 
nutritionally unavailable to the organism. Evidence 
suggests that extensive “inactivation” occurs as a 
result of a Maillard-type reaction of cyst(e)ine with 
aldehyde degradation products of glucose. Additional 
thermal destruction occurs independently of glucose, 
to yield products inhibitory under certain conditions. 
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The bacteriostatic properties of certain peptones 
have been resolved into at least two categories: that 
counteracted by certain colloids and believed to be 
due to fatty acids (Nieman, 1954), and that which is 
neutralized by reducing agents. The latter type, with 
which this study is concerned, has been attributed by 
Dubos (1930) to high O-R potential unfavorable to 
growth initiation, by Wright (1933) to specific but 
unidentified oxidized substances, by Woiwood (1954) to 
colloidal CuS, and by Schuhardt et al. (1950; 1952) 
and Williams et al. (1953) to colloidal S° arising from 
partial degradation of the component cyst(e)ine of 
peptone. Schuhardt et al. (1952) isolated free sulfur 
from autoclaved, toxic solutions of cystine, and demon- 
strated the bacteriostatic and bactericidal properties of 
colloidally dispersed S° for Brucella. Its antibacterial 
effects upon a variety of other bacteria were demon- 
strated by Williams ef al. (1953), as well as by Weld 
and Gunther (1947) and Libenson et al. (1953). The 
properties of colloidal sulfur, including its antibac- 
terial spectrum, its adsorption by norit and solubility 
in pyridine, and its neutralization by reducing and 
oxidizing agents, were shown to parallel those of 
certain toxic peptones (Schuhardt ef al., 1952; Williams 
et al., 1953). The studies herein described provide 
further indirect evidence for the postulated role of 
sulfur in peptone toxicity, and suggest a mechanism for 
its formation. 


Meruops AnD RESULTS 

Peptone toxicity was assayed in a complete basal 
medium to which neutral solutions of the test peptones 
were added after filtration through a fritted glass UF 
filter. The test medium was compounded with the 
purpose of providing all nutrients which might be 
required for prompt, rapid growth of the test organ- 
ism, while avoiding an excess of substances which might 
counteract the present in 
peptones being tested. The medium contained Bacto 
casamino acids, 0.2 per cent; Bacto yeast extract, 0.1 
per cent; sucrose, 0.4 per cent; NaCl, 1.0 per cent; 
K:HPO,, 0.2 percent; MgSO,, 0.02 percent; (NH4):S8Oq, 
0.05 per cent; Fe***, 0.002 per cent; Mn**, 0.002 per 


bacteriotoxic substances 
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cent; and a vitamin supplement consisting of 0.4 
thiamin, 0.002 biotin, 0.4 nicotinic acid, 0.02 folic acid, 
0.08 pantothenic acid and 0.002 pyridoxine ug per ml, 
The minimal inhibitory concentration (MIC) was de- 
termined as the lowest concentration of peptone which 
suppressed visible growth from a small inoculum of 
Bacillus globigii (strain “UT parent”) in this medium 
during an incubation period of arbitrary duration at 
37 C. The seed culture of B. globigii was grown for 12 
hr on | per cent peptone M (albimi) agar, then sus- 
pended and diluted in the basal medium. This test 
organism was chosen for the ease with which it could be 
handled rather than for unique sensitivity. A typical 
assay of a toxic and a nontoxic peptone sample is 
illustrated in table 1. 

In tests of dozens of peptone samples from several 
manufacturing apparent that 
toxicity is not limited to the product of any one manu- 
facturer, nor to any single type of peptone. Moreover, 
toxicity was found to vary considerably from lot to lot 
of the same brand of peptone. Since some lots of pep- 
tone from each manufacturer were found to be bacterio- 
toxic, it is considered desirable to preserve anonymity 


sources it became 


of the sources in order to avoid unjust discrimination. 
Therefore the peptones cited in the tables have been 
designated only by letters and numbers. 

Dubos’ (1930) suggestion that peptone toxicity is a 
function of high O-R potential was tested in a series of 
21 peptone samples about equally divided between 
toxic and nontoxic lots (table 2). Fifty milliliters of 2 
per cent solutions of the peptones were prepared in 
7-in tubes containing boiled, de-mineralized water, 
adjusted to pH 7.0 + 0.1 with a minimum of agitation, 


TABLE 1. Assay of toxicity of peptone for Bacillus globigii 


Growth of B. globigii 


Peptone Added to Basal 


Medium Hr of incubation 
Mg/ml 
12 18 24 
None 1. <3 4 
Toxic peptone 8 - — 
6 _ a + 
4 = = Ie 4 
2 - + : 
Nontoxic peptone 80 + + 4 
60 oe +. 4 


Inoculum: about 75 cells per ml. 
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and allowed to stand for 30 min before testing. The Eh 
of the solutions was determined with a Beckman Model 
G electrometer standardized with a quinhydrone 
system of known Eh and corrected for the calomel 
electrode temperature factor. No significant correlation 
was found between the toxicity of the peptones and the 
Eh of their 2 per cent solutions. Eh per se does not ap- 
pear to be the toxicity-determining factor in these 
peptones. An oxidized substance active in very low 
concentration is not excluded, however. 

The parallels which have been observed between 
cystine and peptone toxicities (Schuhardt et al., 1952; 
Williams e¢ al., 1953) led to a comparison of the cystine 
content of representative peptones (table 3). Bio- 
assays for cyst(e)ine in both untreated and in acid- 
hydrolyzed samples were conducted with Leuconostoc 
mesenteroides strain P-60 in a peroxide-treated casein 
hydrolyzate base medium (Lyman et al., 1946), supple- 
mented with methionine, tryptophan, tyrosine, pyri- 
doxal and pyridoxamine. Significantly lower concen- 
trations of cystine, in both free and bound form, were 
found in each of the three toxic samples. These results 
are interpreted as consistent with the hypothesis that 
toxicity may arise in peptone as a consequence of 
partial degradation of its cyst(e)ine. 

Toxicity was found, by Schuhardt and colleagues 
(1949a, b), to develop in a stored sample of peptone. 
However, varying degrees of bacteriotoxicity found in 
numerous fresh lots of peptone indicate that it may 
develop during production. Through the cooperation 
of one manufacturer, lyophilized samples of several 
lots of peptone were collected during the successive 
stages of the production sequence. Toxicity assays 


TaBLe 2. Eh of peptone in relation to toxicity 


} Minimal Eh* 
Ree ne Number Inhibitory 
“Der E of Concentra 
: Sempre Saectel Mean Range 
mg/ml 
Nontoxic 10 10—>S80 +0.364 +0.315 to +0.405 
Toxic 11 <2—15 | +0.380 | +0.325 to +0.420 


*Ih measured in volts at pH 7.0 + 0.1 with Beckman 
Model G electrometer 


TABLE 3. Cystine content of toxic and nontoxic peptones 


Cystine,* Per Cent 
Peptone Samples 


Free Total 
A-1l Nontoxic 0.065 0.33 
A-2 Nontoxic 0.073 0.28 
A-3 Toxic 0.015 0.11 
A-4 Toxic 0.013 0.11 
B-1 Toxic 0.038 0.16 


* Determined in bioassays with Leuconostoc mesenteroides 
strain P-60. Total cystine determined with acid hydrolyzates. 
All the “A”? peptones are of the same type and brand. 


proved the initial digests to be completely nontoxic for 
the test organism. However, bacteriostatic properties 
developed progressively thereafter, so that the final 
products were quite toxic (table 4). The conditions of 
production which might lead to toxification of the non- 
toxic digest are under investigation, but no consistently 
satisfactory explanation can be offered at the present. 
Certain possibilities, however, are suggested by the 
observations described below. 

Excessive quantities of Cu in peptones led O’Meara 
and MacSween (1936) to attribute toxicity to this 
metal. However, they found that copper-induced tox- 
icity of peptone developed only after it was heated in 
the peptone solution. This observation, coupled with 
the fact of reduced Cu content of modern peptones 
(Balch, 1942), led Woiwood (1954) to suggest that the 
bacteriotoxic factor may be colloidal CuS, the sulfide 
being generated by heat degradation of cyst(e)ine. 
This possibility was studied by tests designed to deter- 
mine whether the toxicity of a peptone could be ac- 
counted for in terms of its potential CuS content. First, 
the MIC’s of colloidal 8° and colloidal CuS were com- 
pared in the basal medium, and in the basal medium 
plus | per cent nontoxic peptone (table 5). The colloidal 
CuS was prepared and standardized according to the 
directions of Woiwood (1954); colloidal sulfur was pre- 
pared by adding a standard acetone solution of flowers 
of sulfur to sterile water, then evaporating the acetone 
with heat. The data indicate that the bacteriostatic 
activity of colloidal S° is about four to eight times 
greater than that of colloidal CuS under these condi- 


TABLE 4. Stepwise increase in toxicily during peptone production 


Minimal Inhibitory Concentration (M.I.C.) 
Step in (mg/ml) at 18 hr Incubation 
Production 


Sample A Sample C 


Sample B 
] 80 SO — 
2 15 20 8 
3 6 6 4 
Final 4 } <2 


Inoculum: about 20 cells per ml. 


TaBLe 5. Relative bacteriotoricity of colloidal sulfur 
and colloidal CuS 


Minimal Inhibitory Concentration (M.I.C.), 
ug per ml, When Tested in: 


Basal medium + 1 per 


Basal medium 
. cent nontoxic peptone 


Toxic Agent 


Hr incubation 


12 16 24 12 16 24 
Ss? 0.03 | 0.06 | 0.13 | 0.06 | 0.13 | 0.25 
Cus 
as CuS 0.28 | 0.56: | 0:56) 0.56) Pal BI 
as Cut. wees ef O39 | O.38:.1 0.38 | 0:38 | 0:75 | 0.75 


Inoculum: about 15 cells per ml. 
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tions. In terms of its Cu content, the MIC of CuS 
ranged from 0.38 to 0.75 wg per ml. Thus, about 40 to 
75 wg of Cu would be required per gram of peptone in 
order to produce sufficient CuS to toxify a peptone at 
the 1 per cent level. 

In order to assess further the possible role of Cu in 
the peptones under investigation, the Cu content of 
gram samples of several representative peptones was 
determined by the Sandell dithizone wet digestion 
method (Sandell, 1944). The solutions of Cu-dithizonate 
extracted from the digest were compared with a stand- 
ard curve, and the method was controlled by tests for 
recovery of Cu added to peptone samples. Copper was 
not detected in the two samples of nontoxic peptones 
examined (table 6). It was present in the toxic samples 
in concentrations ranging from 1.4 to 3.5 wg per g. This 
amount is about !;9 to !,99 of that found to be re- 
quired for toxic concentrations of CuS at the MIC of 
the peptones. It appears most unlikely, therefore, that 
CuS alone could account for the bacteriotoxic effect of 
these peptones. 


TaBLeE 6. Toxicity of peptones in relation to copper content 


Minimal 
Number Inhibitory . . 
. of . — Cu** at M.1.¢ 
Peptone Pp Concen- Cu . 
eptones : ot peptone 
Testec tration 
M.LC. 
” ml ug/e pefione ug/ml 
Nontoxic 2 80 * 
Toxic 3 <2-15 1.4-3.5 <0.0028-0.053 


* No copper detected. 
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The apparent correlation of toxicity of peptones 
with low copper concentrations suggests a possible cata- 
lytic role of this metal in the development of toxicity at 
relatively low temperatures. Such a mechanism has 
been described by Metzler and Snell (1952) for desul- 
furation and deamination of cysteine at 100 C in a re- 
action catalyzed by pyridoxal and certain metal ions, 
including copper. The products of this reaction are H,8 
and ammonium pyruvate, and the HS thus formed may 
then be oxidized by excess cystine to colloidal, elemental 
sulfur (Schuhardt et al., 1952). 

This reaction has been investigated in model systems 
With cystine at temperatures ranging from 37 to 121 C, 
and compared with spontaneous degradation of cystine 
and cysteine at these temperatures. Pyruvate formation 
(determined by the method of Friedmann and Haugen 
(1943) as modified by Snell and Snell, 1953) and bae- 
teriostatic activity served as indices of degradation. The 
results of an experiment conducted at 45 C, a tempera- 
ture at which spontaneous degradation of cyst(e)ine is 
not detectable, illustrate the rapidity at which cystine 
degradation occurs in the presence of both pyridoxal 
and copper (figures | and 2). The rate of pyruvate for- 
mation is roughly parallel to the development of tox- 
icity in the cystine solution. Copper alone does not 
influence cystine degradation appreciably. Although 
pyridoxal alone appeared to be a moderately effective 
catalyst, the intervention of copper could not be elim- 
inated, since the cystine sample under investigation 


) 


was found to contain about 0.9 we Cu per g. Fet* 
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CYSTINE DEGRADATION AND TOXICITY AS AFFECTED 
BY COPPER AND PYRIDOXAL 


Fic. 1 (Left). The catalysis of cystine degradation at 45 C by copper and pyridoxal. 


Fic. 2 (Right). The development of bacteriotoxicity in cystine solutions incubated at 45 C, in the presence of copper and/or 
pyridoxal. No toxicity of cystine alone, or of cystine plus copper, could be detected at concentrations up to 200 ug cystine per ml 
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Al+*++ and Mn** were found not to substitute for Cut+ 
in this system to a significant degree, at least at temper- 
atures below 100 C. 


DISCUSSION 


The above reaction, or variations thereof, is proposed 
as a potential source of toxicity in peptones containing 
pyridoxal and catalytic concentrations of a metal, 
especially copper. No direct evidence is available for 
participation of this mechanism in the ‘‘natural” toxifi- 
cation of peptones, nor has sulfur been demonstrated to 
be the toxic factor. Much of the circumstantial evi- 
dence, however, is in accord with this hypothesis. On 
theother hand, the chemical complexity of peptones does 
not seem to justify the expectation that the generation 
of toxicity can be explained by mechanisms as simple as 
those operating in cystine solutions. Some peptones, for 
example, may contain sufficient excess of reducing 
substances to prevent oxidation to S° of any sulfide 
which might arise from degraded cystine. In others, 
perhaps, free sulfur generated by cystine degradation 
might be bound by other colloidal constituents of the 
peptone, so as not to exist in readily demonstrable 
form. Finally, it should be emphasized that even though 
8’ should be demonstrated to be a toxic component of 
certain peptones, the possible contribution of other vet 
undetected inhibitors must be considered. 

Perhaps the potential bacteriotoxic effects of S° 
generated by cystine degradation should be emphasized 
in connection with chemically defined and semi-defined 
culture media to which cystine has been added. Rose et 
al. (1952), for example, found a toxic effect of cystine 
autoclaved in a culture medium for Lactobacillus bifidus, 
while Konowalehuk and colleagues (1954a, b) have 
demonstrated the toxicity of media for Mycobacterium 
tuberculosis in which cysteine and ferric salts are present 
during autoclaving, and from which colloidal sulfur may 
be formed. Such toxic effects might be avoided by 
adding filter-sterilized supplements of cystine to media 
in which this amino acid is required, provided that Cu** 
and pyridoxal are not present in concentrations sufficient 
to catalyze cystine degradation at incubation tempera- 
ture. 


SUMMARY 


It is proposed that the antibacterial activity of 
certain peptones might be caused by colloidal S° arising 
from their constituent cyst(e)ine in a reaction catalyzed 
by pyridoxal and a metal. Evidence does not support 
previous suggestions that unfavorable O-R. potential, or 
colloidal CuS, is responsible for toxicity. Toxicity of 
certain peptones was found to be correlated with a de- 
creased cystine content and with the presence of a 
small amount of copper. In model experiments with 
cystine solutions containing Cu and pyridoxal, the 
development of toxicity for Bacillus globigit was found 


LIBENSON, L., HapLey, F. 


to parallel the catalytic degradation of cystine, as 


measured by pyruvate formation. 
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A Bacteriotoxie Substance in Autoclaved Culture Media Containing 


Glucose and Phosphate' 
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Since the early days of bacteriology it has been com- 
mon knowledge that partial or complete inhibition of 
growth of some microorganisms may occur when a re- 
ducing sugar is autoclaved in certain culture media, 
particularly those of simple composition. Such inhibi- 
tion generally is attributed to the production of “toxic 
caramelization products of glucose’’ (Doudoroff, 1942; 
Stanier, 1942; Gould ef al., 1944; Corper and Clark, 
1946), although Lewis (1930) suggested that products 
of thermal degradation of reducing sugars may not be 
toxic per se. According to Lewis, growth may be in- 
hibited indirectly due to binding of essential nitrogenous 
components of the medium by certain products of 
phosphate-mediated degradation of the sugar, probably 
carbonyl compounds. Lankford et al. (1947), Hill and 
Patton (1947) and others (Patton and Hill, 1948; Lank- 
ford and Lacy, 1949; Lankford, 1950) provided addi- 
tional evidence for the operation of this mechanism of 
growth inhibition. They found the total final growth 
of lactic acid bacteria to be suppressed to a degree 
related directly to the extent of glucose degradation and 
inversely to the concentration of the limiting nutrient. 
No adverse effect upon growth initiation or upon growth 
rate was observed under the test conditions (Lankford 
et al., 1947; Lankford and Lacy, 1949). Some recent 
observations, however, indicate that a substance or 
substances with primary, intrinsic bacteriotoxicity may 
be formed when media containing glucose and phos- 
phate are autoclaved. 


MATERIALS AND METHODS 


Vibrio cholerae (Vibrio comma) cultures from several 
sources were used in certain phases of the investigation, 
although strains isolated in Calcutta in 1953 by W. 

1 This investigation was supported in part by a contract 
(AF-18(600)-933) with the USAF School of Aviation Medicine, 
tandolph Field, Texas, and in part by a grant (H-285-C2) 
from the U. S. Public Health Service. 

2 Present address: Department of Microbiology, The Uni 


versity of Texas, Southwestern Medical School, Dallas, Texas. 


AND CHARLES FE. LANKFORD 
University of Teras, Austin, Texas 


ition September 24, 1956 


’ 
4 


Burrows and C. I. Lankford (unpublished) were most 
intensively studied. Strain CA-381 (Ogawa serotype) 
was used in most of the tests, but the response of other 
strains was qualitatively similar. Cultures of other 
species were selected from the departmental stock cul- 
ture collection. 

The seed cultures usually were grown on peptone- 
horse meat infusion agar slants, or in a fluid sucrose- 
glutamate-NH,*-salts base (I*inkelstein and Lankford, 
1955) (table 1), for 15 to 19 hr, then diluted in 0.5 per 
cent saline for inoculation to the test media. Generally, 
10 ml of the defined medium were placed in 7-in tubes 
and autoclaved for 10 min at 121 C. This defined me- 
dium, which with minor modifications was used 
throughout the study, supports moderately good growth 
of stationary cultures of V. cholerae, even from small 
inocula, after an initial lag of about 4 hr. Growth re- 
sponse was recorded in terms of periodic visual esti- 
mates of turbidity, of Klett-Summerson photoelectrom- 
eter scale values and, in certain instances, of viable 
cell colony counts in agar containing Bacto proteose 


TABLE 1. Composition of chemically defined medium 
for Vibrio cholerae 


us Po 
ml 
NH,* (as NH,Cl) 200 
pL-Glutamie acid 500 
NasHPO,* 5000 
KH PO,* 5000 
S (as NaoSO,) 20 
Mg** (as MgCl.). 5 
Mn** (as MnCl.) l 
Fet** (as FeCl;) 1 
Carbon sourcet (glucose or sucrose) in ‘‘de-ionized”’ 
water; final pH 8.0..... ... 5000 


*Phosphates each 1000 wg in early studies (table 2). 

+ Sucrose was sterilized in the basal medium; glucose, when 
used, was sterilized in the medium, or autoclaved separately 
and added aseptically. 
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peptone no. 3 (1 per cent), Bacto yeast extract (0.5 per 
cent) and Bacto agar (1.5 per cent) at pH 7.8. 


RESULTS 


The pattern of growth inhibition. When glucose was 
autoclaved in the defined medium containing 0.2 per 
cent phosphates (table 1) there was a delay in the 
appearance of visible growth of V’. cholerae, the duration 
of which was inversely related to the size of the inocu- 
lum (table 2). Relatively large inocula (107 to 10% cells 
per ml) produced rather prompt growth whether glu- 
cose Was autoclaved in the medium, or sterilized sepa- 
rately and added aseptically. As the inoculum was de- 
creased, the “relative lag’”’ differential between the test 
and the control cultures increased correspondingly. If 
the test medium contained 0.5 to 1.0 per cent phos- 
phates, growth from smaller inocula usually failed to 
appear within the time limits of observation. When de- 
layed growth did appear, the subsequent rate of growth 
and the terminal cell density, as determined by serial 
Klett readings, were essentially the same as those of 
the control cultures with glucose sterilized separately 
(figure 2). Although these results suggest that delayed 
growth in media autoclaved with glucose may result 
from a specific inhibitory effect during the lag phase, 
other possible causes might be incomplete killing of the 
inoculum with subsequent delayed outgrowth, retarded 
growth rate, or a combination of these effects. It is 
possible also that binding of essential nitrogenous com- 
ponents of the medium by glucose degradation products 
might render them unassimilable, and thus prevent 
growth, until adaptive enzymes capable of attacking 
these compounds could be synthesized by the inoculum 
cells. The possibility of selecting rapidly growing mu- 
tant cells out of a slowly growing population of the 
parent inoculum cells also must be considered. 


TABLE 2. Jnoculum size in relation to lag in medium autoclaved 
with glucose* 


(Vibrio cholerae strain C-402) 


Time in hr for Culture to Reach Turbidity Equivalent 
Inoculum: to Klett Scale Value of 50+ 


Cells per ml 


AapEOS? Glacese separate Glucose in Increase in. 
medium “relative lag’’t 
106 7 10.5 3.5 
10° 10.5 19.5 9.0 
104 12.5 21.5 15.0 
102 17 37 20.0 


*Medium containing 0.2 per cent NasHPO, + K2HPO,; 
autoclaved 10 min at 121 C. 

+ Final turbidity in all cases was about 140 Klett units. 

t These values represent the resultant of both increase in 
lag and any reduction in growth rate which may occur, as 
compared with the medium containing separately sterilized 
glucose. 


Binding of essential nutrients as the mechanism of 
inhibition was discredited by an experiment in which 
the inhibitory complete medium was mixed in de- 
scending concentrations with the noninhibitory medium 
(that is, one prepared with glucose sterilized sepa- 
rately). The “toxic”? supplement completely inhibited 
a small inoculum at a concentration of 0.5, and partially 
inhibited at concentrations as low as 0.01. The appar- 
ent lack of stoichiometry weakens any case for binding 
of nitrogenous components of the medium by a fraction 
of the partially degraded glucose. However, it has been 
observed that within a very narrow range of inhibitory 
effect an increase in the concentration of NH4+ and/or 
glutamate may produce partial reversal of inhibition. 

The greatest inhibitory activity was found to be 
generated only when glucose was autoclaved in the 
presence of phosphate, and was weak or lacking when 
glucose was sterilized with other components of the 
medium, autoclaved separately or when replaced in the 
medium by sucrose. Thus, phosphate appears to play 
a rather specific role in the generation of heat-induced 
glucose toxicity. These observations led to the adoption 
for most of the succeeding experiments of a toxic solu- 
tion prepared by autoclaving 10 g each of glucose, 
NazHPOs and K.HPO, in 100 ml of water (pH 8) for 
15 min at 121 C. This solution was added to a basal 
medium prepared with sucrose sterilized in the medium 
as the primary carbon-energy source. Falling concentra- 
tions of the autoclaved glucose-phosphate solution 
(designated hereafter as “GP solution’) then were 
added to the nontoxic sucrose base in order to provide 
estimates of its inhibitory potency for small inocula. Its 
concentration is expressed in terms of its original glu- 
cose content, as “yg per ml.’’ Under these test condi- 
tions 300 ug glucose usually prevented growth during 
the period of observation. From 10 to 300 ug glucose 
produced a delay in appearance of visible growth pro- 
portional to its concentration within this range. 

The initial pH of the GP solution before sterilization, 
and the time and temperature it is autoclaved also are 
determining factors in the formation of the inhibitor. 
Solutions containing equivalent concentrations of glu- 
cose and phosphates were adjusted to pH values over 
the range from 5 to 10, then autoclaved 10 min at 121 
C; other solutions at pH 8 were autoclaved at 121 C 
for periods from 5 to 20 min. The relative inhibitory po- 
tency of these solutions was compared in terms of the 
lowest concentrations which suppressed visible growth 
of V. cholerae in the sucrose base during 20-hr incuba- 
tion. Very little inhibitor was generated at pH 5 and 6, 
but as the initial pH of the GP solution was increased 
from 7 to 10, the inhibitory activity was increased, as 
might be anticipated from the well known acceleration 
of glucose degradation by alkali. The inhibitory activity 
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HOURS OF INCUBATION 
Fig. 1. Growth curves of Vibrio cholerae, strain CA-381, in 
NH,*-glutamate-sucrose medium in presence of supplements of 
glucose-phosphate solution (GP). Stationary cultures. 


also was found to increase to a maximum as the time of 
autoclaving was increased from 5 to 20 min. 

The nature of the inhibition produced by autoclaving 
GP solution was investigated by making periodic viable 
cell colony counts of cultures exposed to several concen- 
trations of the mixture (figure 1). The cultures were 
sampled at regular intervals and appropriate dilutions, 
as well as the undiluted cultures, were plated in proteose 
no. 3-yeast extract agar. High concentrations of GP 
solution (1000 ug per ml) rapidly killed an inoculum of 
about 200 cells; lower concentrations only prolonged 
lag, without killing, to a degree related to the concentra- 
tion. The viable cell counts also suggested that a slight 
prolongation of the division time in the exponential 
phase may account in part for the delay in appearance 
of visible growth. Such an effect usually was not de- 
tected in the small segment of the growth curve which 
can be examined turbidimetrically (figure 2). 

The possibility of selection of rapidly growing mu- 
tant cells, or of specific enzyme adaptation, as an expla- 
nation for delayed growth has been investigated by ex- 
periments involving transfer of inocula from tubes in 
which growth appeared after prolonged delay caused by 
the GP inhibitor. If delayed growth should occur as a 
consequence of synthesis of adaptive enzymes for utiliza- 
tion of “bound” nutrient unassimilable by the unadapted 
inoculum cells, it might be expected that such adapted 
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cells would produce relatively prompt growth when 
transferred to fresh inhibitory medium. Similarly, if 
delayed growth in an inhibitory medium were the result 
of selection of rapidly growing mutants, such mutants 
might be expected to grow promptly when transferred 
to inhibitory media. However, repeated transfers of 
dilutions from partially inhibited cultures to a new 
series of GP concentrations has on each occasion very 
nearly reproduced the qualitative and the quantitative 
pattern of growth inhibition of the primary culture, 
Thus, there seems little likelihood that mutation and 
selection, or enzyme adaptation, can be the determining 
factor in delayed growth. However, some degree of 
physiologic adjustment or adaptation to the toxic en- 
vironment probably accounts for late initiation of 
growth. 

Characteristics of the GP inhibitor. A series of tests 
was made to determine what classes of compounds 
might reverse the toxicity of autoclaved GP solution, 
with the expectation that the results might suggest 
something of the nature of the inhibitor. Certain re- 
ducing agents first were tested for reversing effect when 
added to the sucrose base which had been toxified by 
the addition of 500 ug of autoclaved GP solution (table 
3). Both cysteine and glutathione were effective in 
counteracting this GP toxicity within the range from 
10 to 100 wg per ml. Na.S.O; was about 3 to 10 times as 
effective but produced a zonal pattern of response, pos- 
sibly as a result of its own toxicity at 1000 ug per ml. 
Sodium thioglycolate, at 3 to 30 wg, eliminated the tox- 
icity, although its effect was apparent only after pro- 
longed incubation. NaHSO; also reversed the GP 
toxicity, even at bactericidal concentrations of the 
latter (figure 2). 

It was considered of importance to determine whether 
substances in complex culture media might counteract 
any GP inhibitor which might be formed if such a me- 


TABLE 3. Reversal of GP inhibition of growth by reducing reagents 


Growth after Addition of Supplement to Inhibitory Medium* 
Concentra 
tion of 


Supple Na2S20st Cysteine Glutathione Thioglycolate 
ment 
18 33 18 33 18 33 18 33 
pg/ml 
0 - — = Pe ae 
1 — — nan = — oie 
3 _ - = = a wee = 
10 + + — ao — + on 
30 + + a + - + = 4 
mit it) et] et] et) 4] Ht 
300 + + + 4 ea + = | 
1000 = - oF =o + + + rt 


* Sucrose base toxified by addition of 500 ug GP solution; 
reversing agents added prior to about 10! cells of Vibrio 
cholerae CA-381. Growth recorded after 18- and 33-hr ineuba- 
tion. 


+ Toxic at 1000 wg per ml in inhibitor-free control. 
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HOURS OF INCUBATION 
Fic. 2. Reversal of GP inhibition of Vibria cholerae strain 
CA-381 by NaHSO,;. The basal medium, NH,*-glutamate- 
sucrose base was toxified by the addition of supplements of 
GP solution. NaHSO, (100 wg per ml) was added at the time of 
inoculation with about 5000 cells. Stationary cultures. 


dium contained glucose. It was determined that GP 
solution, added to nutrient agar in concentrations as 
high as 2560 wg per ml, did not reduce the apparent 
time of growth initiation nor the number of colonies 
arising from a small surface inoculum of V. cholerae. 
Moreover, Bacto peptone and yeast extract were highly 
effective in counteracting the inhibitory activity of GP 
when they were added as supplements to the liquid de- 
fined medium. As little as 0.1 to 1 ug of yeast extract or 
peptone produced definite reversal of 500 ug of GP at 
16 and 13 hr, respectively; a ‘vitamin free’’ casein hy- 
drolyzate was somewhat less effective, and a mixture of 
vitamins (biotin, By, folic acid, nicotinic acid, pyri- 
doxal, pantothenic acid, pantethine, p-aminobenzoic 
acid and thiamin) was inactive. The soluble ash from 
peptone and yeast extract also was inactive. It would 
appear, therefore, that some specific organic nutrilite 
in peptone and yeast extract is antagonistic to the in- 
hibitor. It cannot be cysteine or glutathione, since the 
crude peptone and yeast extract are more effective than 
these compounds. 

The effectiveness of reducing agents in reversing GP 
inhibition suggested that its activity may be associated 
with carbonyl compounds. This possibility was tested 
by treating 15 ml of GP solution with 5 ml of a saturated 
solution of 2,4-dinitrophenylhydrazine in 50 per cent 
HSO,. After allowing sufficient time for reaction the 
mixture was extracted repeatedly with ethyl acetate to 
remove excess reagent and any hydrazones formed. The 
controls were aliquots of GP solution, one untreated 
and one treated with H.SO, and extracted with ethyl 
acetate alone. The ethy! acetate was removed from both 
solutions, and each was adjusted to pH 8, filter ster- 
ilized and assayed for inhibitory activity. Only about 
10 per cent of its original activity remained in the 


(dé 


hydrazine-treated sample, as compared with the con- 
trols. Therefore it is apparent that at least the major 
portion of the inhibitory activity is associated with one 
or more carbonyl compounds. 

The active factor was found to be nonvolatile, since 
vacuum distillation of GP solutions to one-half the 
original volume at pH 7 and pH 3 yielded all of their 
original activity in the residues and none in the distil- 
lates. Nearly all (95 to 99 per cent) of the inhibitory 
activity was removed from the GP solution by adsorp- 
tion with acid-washed norite charcoal, from which part 
of the inhibitor was recovered by elution with methanol, 
ethanol, n-butanol, acetone or pyridine, but none with 
diethyl ether, chloroform, HC] (pH 2), or weak NaOH 
(pH 10.5). However, direct extraction of the GP solu- 
tion with diethyl ether appears to offer a more promising 
method for concentration of the inhibitor. Solutions of 
autoclaved GP were adjusted to pH 7 and aliquots were 
extracted by shaking with 3 portions of ether, and by 
continuous ether extraction for 24 hr. Cohtinuous 
extraction yielded a dark brown, water-soluble, syrupy 
residue containing about 50 per cent of the original 
activity, but the degree of concentration was only about 
20- to 50-fold. Fractional extraction produced a similar 
ether residue having 400- to 500-fold greater activity 
than the original solution, although the yield was poor 
(20 to 25 per cent). Only 0.12 and 0.72 ug of this frac- 
tion were required to suppress visible growth of about 
1000 cells of V. cholerae for 13 and 23 hr, respectively. 

Paper chromatograms of the water-soluble residue 
from the continuous ether extract were prepared with 
n-butanol-acetic acid-water (4:1:1) solvent. These 
yielded two distinct but overlapping areas of strong 
reducing activity in the region of Rf 0.8 to 0.9, as 
determined by tests with ammoniac AgNQs and tri- 
phenyl-tetrazolium chloride. This area also was acid to 
bromcresol green, and nearly all of the inhibitory activ- 
ity appeared to be concentrated here, as indicated in 
tests for activity in l-in segments cut from parallel 
strips and added to inoculated tubes containing the 
sucrose base. Most of the brown color of the extract 
was streaked over the portion of the strip below the 
active area. It seems likely, therefore, that the inhibi- 
tory activity may be associated with at least two re- 
lated, acidic, carbonyl compounds, probably aldehydes. 

A limited survey has been made to determine whether 
gram negative bacteria other than V. cholerae are sensi- 
tive to inhibition by autoclaved GP solution. The tests 
were performed in the V. cholerae basal medium, mod- 
ified by substitution of glucose, sterilized separately, 
for sucrose, and the addition of filter-sterilized nicotin- 
amide (1 ug), L-cystine (10 wg) and L-tryptophan (10 yg) 
(table 4). Salmonella paratyphi, Escherichia coli and 
Serratia marcescens were inhibited by GP solution or 
by an ether extract at concentrations somewhat greater 
than that required to inhibit V. cholerae in this medium. 
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Strains of Aerobacter aerogenes, Pseudomonas aeruginosa 
and Salmonella typhimurium, on the other hand, even- 
tually grew in the highest test concentration after 
temporary inhibition. Although general conclusions 
concerning the relative sensitivity of V. cholerae and 
other species are not warranted from these data, it is 
apparent that the inhibitory activity of autoclaved GP 
solutions is not limited to V. cholerae. 


TaBLe 4. Inhibition of gram negative bacteria by GP factor 
Inhibitory Concentration (ug/ml) 


Ether extract* of 


wutoclaved GP Autoclaved GP 


Test Species 


Hr incubationt 


12 21 12 21 

Vibrio cholerae, CA-381 Ss 16 320 640 
Salmonella paratyphi 16 64 | 320 640 
Escherichia coli (Texas) 32 64 640 1280 
Salmonella typhimurium...... 32 >128 1280) >2560 
Serratia marcescens 32 128 1280 
Aerobacter aerogenes 128 >128 2560 >2560 
Pseudomonas aeruginosa 128 >128 640 >2560 


* Residue from continuous ether extraction. 
+ No visible growth at concentrations and times of incuba- 
tion shown; growth in control at 10 hr. 
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Fic. 3. Zones of stimulation and inhibition of Aerobacter 
aerogenes (UT stock) by GP solution in enriched NH,*- 
glutamate-sucrose base. GP concentration stated in terms of 
original glucose content. Stationary cultures. 
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An interesting side observation in the test for inhibi- 
tion of /. coli (Texas) and A. aerogenes (U. 'T. stock) 
was a zone of growth stimulation produced by sub- 
inhibitory concentrations of the GP solution (figure 3). 
This effect was not obtained with the ether extract and 
was not observed with certain other strains of the same 
species. It seems likely that an ether-insoluble growth 
stimulant was generated simultaneously with the in- 
hibitor. This stimulatory effect probably would be 
masked by the temporary inhibition produced by auto- 
claving glucose (0.25 to 0.5 per cent) in the type of 
chemically defined media ordinarily used for growing 
these species. 


DIscUSSION 


Culture media may contain certain components 
which retard growth initiation without exerting a sub- 
stantial effect upon subsequent growth rate or final cell 
density. These effects are likely to be most pronounced 
with small inocula and are therefore of interest for 
their potential influence in media designed for detecting 
or enumerating small numbers of microorganisms. Their 
possible influence on growth responses and their inter- 
pretation in studies of nutritional or metabolic behavior 
of bacteria also justifies more thorough investigation of 
these effects. 

It now seems established that one mechanism for 

growth inhibition in autoclaved media containing glu- 
cose and phosphate is that caused by glucose degrada- 
tion products which react with growth-limiting 
nutrients to form new, unassimilable compounds. As 
Lewis (1930) points out, however, the more common 
presumption for the formation of “toxic caramelization 
products” having direct toxicity for the cell lacks experi- 
mental substantiation for previously reported growth 
inhibitions. The observationsof Baumgartner (1938), for 
example, on delayed growth of F. cold in glucose-phos- 
phate broth do not offer sufficient evidence for his pre- 
sumption of a factor with primary toxicity. Ether 
extraction of autoclaved GP solution was found by 
tamsey (1953) to increase the sensitivity of response 
of Lactobacterium fermentum (Lactobacillus fermenti) to 
its growth stimulatory effect, presumably through elimi- 
nation of a “toxic’’ substance, which could not be re- 
moved by norite adsorption. However, the nature of this 
factor remains in doubt, since Ramsey failed to re- 
toxify his medium by adding back the ether extract 
residue. Recently, McKeen (1956) reported the for- 
mation of fungistatice Maillard-type products of 
heat-induced interaction of glucose and amino acids, 
particularly glycine, the latter forming a condensation 
product found by Rogers et al. (1953) to stimulate 
growth of Lactobacillus gayonii. 

The rapid bactericidal effect of autoclaved GP solu- 
tion for V. cholerae cells is evidence for a direct antibac- 
terial effect. Moreover, its activity in low concentrations 
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which preclude appreciable binding of the “bulk” 
nutrients of the medium (that is, NH and glutamate) 
also indicates that its primary action is on the cell, 
although secondary effects through reactions with 
medium components are not excluded. No clue as to the 
specific site of its antibacterial effect can be deduced, 
since a multitude of cellular constituents react with 
carbonyl compounds. It is possible that identification 
of these components which contribute to the highly 
effective reversing action of yeast extract might pro- 
vide a lead toward the more sensitive and reactive 
cellular materials. 


SUMMARY 


A bacteriotoxic factor (or factors) is formed in a 
simple, chemically defined culture medium for Vibrio 
cholerae (Vibrio comma) when glucose and phosphate 
are present during heat sterilization. Depending upon 
its concentration and the size of the inoculum, the 
factor may be rapidly bactericidal, or merely bacterio- 
static; if delayed initiation of growth occurs in its 
presence, there is only a minor influence upon the 
growth rate and total cell crop. 

The same or a similar factor is present in autoclaved 
neutral solutions of glucose and phosphate, from which 
it can be removed by absorption with norite, or partly 
extracted with ether. A nonvolatile residue of an ether 
extract, less than | wg of which inhibits growth of small 
inocula of V. cholerae, contains carbonyl compounds 
upon which its inhibitory activity appears to depend. 
The factor also inhibits certain other gram negative 
species. The inhibition produced by the factor is counter- 
acted by reducing agents, by certain carbonyl! reagents, 
and by small quantities (0.1 to 10 wg) of peptone and 
yeast extract. 
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Borie acid lactose broth has been suggested (Levine 
et al., 1934; Vaughn and Levine, 1935; Vaughn ef al., 
1951; Levine ef al., 1955) as a medium for the detection 
of Escherichia coli in water and in foods. This medium 
is designed to suppress Escherichia freundii and species 
of Aerobacter, organisms often considered to be nonfecal 
in origin. The published results are rather convincing 
where separate isolates of *‘coliforms”’ are used as inoc- 
ula. When isolates from agar slants are inoculated into 
standard lactose broth and into boric acid lactose broth 
(hereafter to be termed SLB and BALB, respectively), 
I. coli is reported to grow and to produce gas within 
{8 hrin both media, but Aerobacter spp. and EF. freundii 
only in the SLB. 

Used as Levine and co-workers (1955) suggest, the 
medium should prove valuable. A positive BALB test 
would be definitely positive for /. colz. But does a nega- 
tive test indicate the absence of /. cold or of fecal coli- 
forms? Escherichia coli as delimited in Bergey’s Manual 
of Determinative Bacteriology (Breed et al., 1948) and 
“fecal coliforms’ are not synonymous. Skinner and 
Brudnoy (1932) have shown that more than 10> per 
cent of the Escherichia strains isolated from human 
feces were described in Bergey’s Manual of Determina- 
tive Bacteriology (Breed et al., 1948) as E. freundii. A 
medium may be inhibitory to the organisms not de- 
sired, but such an agent may still inhibit many or most 
of the cells of the desired species. It is not at all uncom- 
mon for a medium to support growth when mass inoc- 
ulations of cells are made (such as loop transfers from 
agar slants), but to be inhibitory when one or only a 
few cells are inoculated. Whether /scherichia from feces 
utilizes citrates or not is beside the point. If an organ- 
ism is in considerable numbers in fresh human feces and 
is isolated from the 10', 10°, or 10° dilutions, it is “fecal” 
and has sanitary significance. 

It was to determine whether BALB will allow the 
development of all the living fecal coliforms, or at least 
as many as the SLB allows, that this work was under- 
taken. 

MATERIALS AND METHODS 

Fresh samples of feces were obtained from donors, 

never more than two from a person and never more 


! This investigation was supported in part by funds supplied 
to Project 188 under the State of Washington Initiative Meas 
ure number 171 for Medical and Biological Research. 


September 24, 1956 
than one sample from a single donor on the same day, 
Decimal dilutions in replicates of 10 were made in the 
usual manner with a separate pipette used for each 
manipulation. Lactose broth tubes were incubated at 
35 C and BALB tubes at 43 C. In 24 hr all tubes of 
SLB with gas were removed and all positive tubes of 
the highest dilutions were confirmed, sometimes on 
standard eosine-methylene blue agar and sometimes in 
standard brilliant green bile broth. The other tubes 
were reincubated for another 24 hr and at the end of 
this time all the remaining tubes showing gas were con- 
firmed. All of the BALB were incubated 48 hr and all 
highest dilution positive tests were confirmed. Since 
practically all the positive presumptive tubes of BALB 
were confirmed, it was decided to dispense with confir- 
mation of all but highest dilution tubes. The “count” 
(most probable number per g of feces) was determined 
from the tables of Halvorson and Ziegler (1932). Un- 
confirmed positive presumptive tests were not included, 
If the two media were equally productive, each medium 
should vield the higher “count” about an equal number 
of times. If one medium is more productive than the 
other, the count from that medium should tend to be 
higher than counts from the other medium for the same 
sample. In 35 runs, the SLB count was higher in all 
cases, and 25 of them resulted in counts in the SLB 
broth 20 times or more as high. The likelihood of all 
35 samples giving higher counts with SLB, when both 
media were equally able to initiate and support growth, 
would be equal to (19)*. Thus the chance of our results 
being fortuitous is a little less than 1 in 83,000,000,000. 
The techniques above were not exactly those of 
Vaughn ef al. (1951) and therefore the experiment was 
repeated. The variations were that the dilutions were 
inoculated into the BALB at room temperature and 
the tubes brought to 43 C gradually by first putting 
them at 35 C for 2 hr, and then 40 C for 2 hr, and fi- 
nally at 43 C. All temperatures were carefully con- 
trolled. Skinner and Brown (1934) had found that a 
much larger proportion of tubes showed growth when 
inoculated tubes of the Eijkman or the Bulir broth 
were brought gradually to the higher, nearly critical, 
growth temperatures than when they were placed at 
this temperature at once, and we wished to give the 
BALB broth tubes every opportunity to promote 


growth. Moreover, a hot air incubator was used instead 
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of an oil bath. For the second experiment, the tech- 
nique of Vaughn ef al. (1951) was followed. BALB broth 
tubes were brought to 43 C before inoculation and after 
inoculation were placed at once in an oil bath held at 
43 C. Twenty-one samples were run. All 21 samples 
gave higher counts with the SLB, 12 being 20 times or 
more as high. Here again there is little chance that the 
apparent superiority of the SLB is fortuitous. There is 
less than | chance in 2,000,000 that the apparent supe- 
riority of the SLB was fortuitous. 

xcept for the first two-thirds of the first experiment, 
Difeo dehydrated BALB medium was used. To deter- 
mine if there was any difference in the medium made 
according to directions and the medium prepared from 
the dehydrated product, eight samples of feces were run 
with each. Four were higher with one medium and four 
with the other. Hence no difference between the two 
media is indicated. Moreover in the first experiment, 
the results with each medium considered by itself would 
have to be considered statistically highly significant. 

Of 364 positive tubes of SLB, 343 were confirmed 
and of 234 tubes of BALB, 233 were confirmed. As ex- 
pected, BALB yielded almost no false positive presump- 
tive tests. It would seem from the above considerations 
that when tests are positive with BALB, confirmation 
for coliforms would not be necessary, at least with coli- 
form counts of heavily polluted materials. 

BALB is reported to inhibit Aerobacter. In the experi- 
ments reported in table 1, this was found to be true to 
a degree, but not to the extent hoped for. As stated 
earlier, eosine-methylene blue agar (IEMB) was used for 
confirmation in only 3 of the first and all 21 of the 
second series. Of the 173 tubes of SLB streaked on this 
medium which yielded any coliform organism, 27 per 
cent yielded Aerobacter alone or with Escherichia; and 
of 137 tubes of BALB, 8 per cent yielded Aerobacter. 
Previous experience has shown that our diagnosis of 
Aerobacter on EMB agar plates is only about 95 per 
cent accurate. 

The high incidence of Aerobacter was unexpected, 
Skinner and Brudnoy (1932) found only 3 out of 585 
cultures of coliforms isolated at random from feces of 
585 persons to be Aerobacter. Others usually have not 
found as many Aerobacter as we did in the present 
study. Unfortunately, where both Escherichia and A ero- 
bacter were present a record was made only of the Aero- 
bacter. At 35 C the temperature employed for incubation 
of SLB, Aerobacter usually seems, in our experience, to 
outgrow Escherichia. Still the presence of Aerobacter in 
high dilutions in so many samples of feces was not ex- 
pected. 

Our data also show not only that BALB is less pro- 
ductive for coliforms from feces, but that it is also less 
productive for fecal Escherichia. By eliminating all 
tubes which yielded either Aerobacter alone or combined 
with Escherichia from the counts, we still had higher 


TABLE 1. Most probable number of confirmed coliforms in feces 
with standard lactose broth (SLB) and with boric acid lactose 
broth (BALB) as enrichment media 
| | 


Most Probable Number Per Gram 


Sample Number (X 10%) Ratio SLB: BA LB 
SLB | BALB* 

1 729 1.9 384 

2 5,420 110 49 

3 11.6 10 1.2 

i 1,500 $28 bn 

5 1,090 13.3 82 

6 7,020 81.8 86 

7 388 1] 35 

8 742 266 2.8 
+) 278 20 14 
10 9,180 4.3 2,135 
11 4,260 0.9 4,733 
12 12,000 0.9 13,333 
13 9 , 200 11 836 
14 23 ,000 110 209 
15 23 000 110 209 
16 16,200 8.6 1,884 
17 399 9 44 
18 3,490 18 194 
19 23 ,000 8.5 2,706 
20 9,180 93 99 
21 2,300 1,570 1.5 
22 23 ,000 3,100 7.4 
23 39.9 3.0 13 
24 23 ,000 499 46 
25 16,200 110 147 
26 23,000 191 120 
27 1,500 329 4.5 
28 5, 260 9 584 
29 23 ,000 166 139 
30 2,300 334 70 
31 5,260 101 52 
32 23,000 12,000 1.9 
oo 16,200 2 8,100 
34 1,500 267 5.6 
35 2,300 110 21 
36 | 275 0.9 305 
37 23 , 000 16,200 1.4 
38 94.3 11 8.5 
39 23 ,000 526 44 

40 101 SEZ 8 ee 
41 16, 200 526 31 
42 16,200 162 100 
43 6,070 607 10 
44 7,020 164 43 
45 12,000 133 90 
46 1,410 86 16 
47 8.6 0.9 9.5 
48 9,180 270 34 
49 1,090 231 4.7 
50 1,530 19 81 
51 1,330 43 31 
52 9,180 130 71 
53 4,580 123 37 
54 9,180 209 44 
55 31.7 1.9 17 
56 | 3,100 | 209 15 


* Numbers 1-35, modified method, numbers 36-56, method 
of Vaughn et al. (1951). See text. 
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counts in the SLB with all 21 samples of the second 
series. This is the series in which the methods of Vaughn 
et al. (1951) were followed in detail. The probability of 
the results being merely a matter of chance is less than 
1 in 2,000,000. 


SUMMARY 


Consistently higher counts (often more than 20 times 
as high) of coliforms and of Escherichia species were 
obtained by the dilution extinction methods with sub- 
sequent confirmation, from samples of human feces, 
when standard lactose broth (SLB) was used at 35 C 
than when boric acid lactose broth (BALB) at 483 C 
was used as an enrichment medium. 

False positive tests were very rarely encountered 
when boric acid lactose broth was used. 

Aerobacter Was less commonly encountered with boric 
acid lactose broth as an enrichment medium than with 
standard lactose broth, but the boric acid lactose broth 
cannot always be depended upon to suppress all Aero- 
hacter. 

It is concluded that boric acid lactose broth cannot 
be depended upon to detect fecal coliforms. A positive 
test is clearly positive, but a negative test is very likely 
to be a false negative test. 


Studies on the Sensitivity 
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Studies have been made of the susceptibility and the 
in vitro development of resistance of lactobacilli to pen- 
icillin or other antibiotics. Hill (1948) found consider- 
able variation in the susceptibility of lactobacilli to 
penicillin incident to utilizing this antibiotic for con- 
trolling human dental caries. litzgerald and Jordan 
(1953) studied the susceptibility of oral lactobacilli to 
penicillin and other antibiotics. Reference was made 
also by Fitzgerald et al. (1950), although not in detail, 
to the in vitro development of resistance of lactobacilli 
to penicillin. Dreizen ef al. (1955) studied the frequency 
of resistance of oral lactobacilli to relatively high con- 
centrations of penicillin and to the zn vitro development 
of resistance to penicillin and other antibiotics. The 
following report is based on an investigation of the sus- 


ceptibility of lactobacilli to penicillin and other anti- 


biotics, their development of resistance to penicillin in 
vitro, and some of the possible effects that the develop- 
ment of resistance may have upon them. 


MATERIALS AND MertuHops 


Fourteen strains of lactobacilli, used for testing anti- 
biotic susceptibility, were isolated at random from Syr- 
ian hamster or human saliva on Rogosa’s SL medium 
(Difco) (Rogosa ef al., 1951). The strains obtained from 
hamster saliva were designated Ll through L5; those 
obtained from human saliva were designated L6 through 
L14. All strains were maintained for a short period of 
time after initial isolation in Difco brain-heart infusion 
broth (BHI), after which each strain was lyophilized 
from growth on BHI agar. The lyophilized strains were 
used in this study. The biochemical and cultural char- 
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acteristics of the lactobacilli were ascertained prior to 
establishing their susceptibility to antibiotics. In addi- 
tion to the usual tests for biochemical and fermentative 
activity, all strains were subjected to metabolism bal- 
ance studies to determine whether they were homo- or 
heterofermentative when utilizing glucose. In. these 
studies glucose was determined by the method of 
Schales and Schales (1945) and lactic acid was deter- 
mined by the method of Barker and Summerson (1941). 
Fermentative ability was determined at the end of 5 
days’ incubation of the lactobacilli in purple broth base 
(Difco), containing | per cent of the test carbohydrate. 
Possible penicillinase activity of normal and resistant 
lactobacilli was determined by the method of Bondi 
and Dietz (1944). Initially, susceptibility of the lacto- 
bacilli to the antibiotics was established by the disk 
method (Bondi ef al., 1947). Agar plates used in the 
test were prepared as follows: 21 ml of melted Difco 
Penassay base agar were added to a Petri dish and 
allowed to harden. The proper dilution of a 24-hr BHI 
culture was added to 4 ml of melted SL agar and the 
mixture poured over the base agar. When the medium 
hardened, disks containing the desired concentration 
of antibiotic were placed on the surface and the plate 
incubated for 48 hr at 37 C, at the end of which time 
the diameter of the zone of inhibition was determined. 

Penicillin susceptibility was also ascertained by es- 
tablishing the maximum concentration in which the 
lactobacilli would grow in serial dilutions of the anti- 
biotic in BHI broth, incubated for 72 hr at 37 C. The 
development of resistance in vitro to penicillin was 
determined by successive transfers at 72-hr intervals 
of a given Lactobacillus strain in serially diluted, peni- 
cillin-containing BHI broth. 

The unadjusted pH of the various media employed 
in this study is as follows: BHI medium, pH 7.4; SL 
medium, pH 5.4; and Difco Penassay medium, pH 7.4. 

RESULTS 

Although no attempt was made to classify the 14 
strains of oral lactobacilli, some of the fermentative 
and cultural characteristics were determined prior to 
studying their susceptibility to antibiotics. Few, if any, 
of the strains were identical in their fermentative 
capacity. When originally tested, strain L2 fermented 
the most carbohydrates (16 of a possible 22), while 
strain L4 fermented the fewest carbohydrates (5 of a 
possible 22). All of the lactobacilli fermented glucose. 
Strains L2, L3, and L5 were homofermentative, while 
the other strains were heterofermentative as determined 
by metabolism balance studies. The terminal pH ob- 
tained when the lactobacilli were grown in | per cent 
glucose broth for 5 days at 37 C ranged from a high of 
4.97 to a low of 4.13, with a mean of 4.54. All strains 
were able to initiate growth in lactic acid broth at pH 
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5.0, survived pH 3.0 in lactic acid broth for 48 hr, and 
were indole negative; none liquefied gelatin. 

The susceptibility of the Lactobacillus strains to sev- 
eral concentrations of chlortetracycline, dihydrostrep- 
tomycin, bacitracin, penicillin, chloramphenicol, and 
oxytetracycline was determined by the disk method 
and the diameters of the zones of inhibition are sum- 
marized in table 1. The Lactobacillus strains were re- 
sistant to dihydrostreptomycin but were relatively 
susceptible to the other antibiotics. Although there was 
some variation between the susceptibility of the dif- 
ferent strains to an antibiotic, the range was not wide, 
as is indicated by the small standard error. 

The penicillin susceptibility of the lactobacilli was 
determined also by the use of serial dilutions of peni- 
cillin in BHI broth at pH 6.5, pH 5.5, and pH 4.5. The 
data for the hamster strains are shown in figure 1 and 
that for the human strains are shown in figure 2. Human 
strains were more uniformly susceptible to penicillin 
than were hamster strains. At pH 6.5, hamster strains 
Ll and L3 were least susceptible to penicillin. Hamster 
strain L2 was most susceptible to penicillin, growing in 
0.25 unit per ml but not growing in 0.5 unit per ml; 
at this pH all the other strains (L4 through L11) grew 
in 0.5 unit per ml but would not grow in 1.0 unit per ml. 
As the acidity of the broth was increased, less penicillin 
was usually required to inhibit growth. At pH 5.5, Ll 
and L3 were more resistant to penicillin; L2 and L5 
were susceptible to 0.125 unit of penicillin per ml of 


TaBLeE 1. Mean susceptibility of 14 strains of oral lactobacilli to 
several antibiotics as determined by the disk method 


Antibiotic 


rT ee Zone of Inhibiti 

Antibiotic Concentration in Disk ve in ae a 

Chlortetracyeline 10 mg 8.5 + 0.50 

30 mg 10.4 + 0.53 

60 mg 11.5 + 0.52 
Dihydro- 1 mg 0.0 
streptomycin 10 mg 0.0 
100 mg ey 

Bacitracin 2 units 8.4 + 0.57 

10 units 11.5 + 0.84 

20 units 13.6 + 0.66 

Penicillin 0.5 unit 1.0 + 0.24 

1.0 unit 3.8 + 0.44 

10 units 11.0 + 0.67 

Chloramphenicol 10 mg 8.4 + 0.65 

30 mg 11.5 + 0.60 

60 mg 14.0 + 0.58 

Oxytetracyeline 10 mg 4.8 + 0.55 

30 mg 7.0 + 0.59 

60 mg 9.2 + 0.61 


* Mean and its standard error. 
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Fic. 1. Penicillin susceptibility of hamster Lactobacillus 
strains as determined by the serial dilution method. The bars 
indicate the limit of growth of the Lactobacillus strains at 
varving pH and in increasing concentrations of penicillin. 
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STRAINS OF LACTOBACILLUS 
Fig. 2. Penicillin) susceptibility of human Lactobacillus 
strains as determined by the serial dilution method. The bars 
represent the limit of growth of the Lactobacillus strains at 
varying pH and in increasing concentrations of penicillin. 


broth; L7 was susceptible to 0.25 unit; and all other 
strains were susceptible to 0.5 unit per ml. At pH 4.5, 
strains L1, L2, L5, L6, L7, L9, and L14 grew in control 
broth containing no penicillin but would not grow in 
broth containing the minimal amount of 0.0625 unit 
of penicillin per ml; strains L8, L10, and L1il were 
susceptible to more than 0.125 unit per ml, while stains 
L12 and L13 were susceptible to more than 0.25 unit 
per mil. 

Controls run on the stability of antibiotic activity of 
penicillin in uninoculated media adjusted to the pH 
levels reported above indicate that no significant de- 
struction of penicillin occurred during the course of 
the experiment. Residual penicillin activity in the con- 
trol series was méasured by assay, after neutralization, 
with Gaffkya tetragena by the plate method. 

The development of resistance in vitro to penicillin 
was determined by transfer of the lactobacillus strains 
at 72-hr intervals in BHI broth containing serial dilu- 
tions of penicillin. At each transfer, the source of the 
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NUMBER OF TRANSFERS 

hia. 8. The development of tn vitro resistance by several 
Lactobacillus strains. 
inoculum was the broth tube containing the highest 
concentration of penicillin in which growth was ob- 
tained. The data for strains L2, L4, and L11, shown 
in figure 3, are representative of the data obtained for 
the other strains. Strain L2 demonstrated the least 
resistance to penicillin during 16 transfers, growing ina 
maximum of 0.5 unit per ml of broth at the beginning 
and in a maximum of 4 units per ml at the termination 
of the test. Change in resistance to penicillin occurred 
slowly; four consecutive transfers were made at one 
time and five consecutive transfers were made. at 
another time without increasing resistance. On the 
other hand, strains L4 and L11 rapidly developed 
resistance to penicillin, so that at the end of 16 transfers 
L4 grew in a maximum of 16,584 units per ml of me- 
dium, while LI1 grew in a maximum of 1024 units of 
penicillin per ml of medium. The change in resistance 
to penicillin by the two strains was rapid, in some 
instances doubling or even quadrupling from one trans- 
fer to another. The development of resistance upon 
continued exposure to penicillin resulted in marked 
morphologic changes which consisted of conversion of 
the normally gram positive bacilli to gram negative 
filamentous forms. 

At the end of the experiment on the development of 
resistance to penicillin in vitro, the susceptibility of 
strains L2 and 14 was determined for chlortetracycline, 
dihydrostreptomycin, bacitracin, penicillin, chloram- 
phenicol and oxytetracycline by the disk method, for 
comparison with their original susceptibility (table 2). 
Neither L2, which developed little resistance to peni- 
cillin, nor L4, which developed much resistance to 
penicillin, greatly altered their resistance to other anti- 
biotics. 


In addition to determining the development of re- 
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TaBLE 2. Susceptibility of two strains of oral lactobacilli to 
various antibiotics before and after development of resistance 
to penicillin 
(expressed in mm) 


Strain of Before After 
Type of Antibiotic) Lacto 


bacillu . 
jc 10 mg | 30mg | 60mg | 10 mg | 30 mg | 60 mg 


Chlortetra [1.2 8) 11 14 14 20 22 
eycline 14 11 13 16 18 20 24 
1 mg 10mg 100 mg 1 mg 10 mg | 100 mg 
| 
Dihydro L2 0) 2 5 0 2] 8 
strepto 1.4 0 1 6 2 5 y 
mycin 


2 units |10 units 20 units| 2 units 10 units 20 units 


Bacitracin [2 14 20 23 20 20 22 
L4 12 15 18 15 19 22 
0.5 unit) 1 unit |10 units|0.5 unit) 1 unit 10 units 
Penicillin 1,2 0 5 16 0 2 8 
L4 15 20 25 0 0 0 
10 mg 30 mg 60 mg 10 mg 30mg | 60 mg 
Chlor 2 S 13 21 15 23 23 
amphenicol| L4 10 12 17 10 21 22 
10 mg 30mg 60mg | 10mg 30mg 60mg 
Oxytetra L2 0 6 8 8 13 16 
eveline L4 S 9 it  ¥ 13 16 


sistance by exposing the lactobacilli strains to succes- 
sively high concentrations of penicillin, the original, 
lyophilized strains were cultured indefinitely in BHI 
broth containing slightly less than the highest initial 
concentration of penicillin in which they would grow. 
Periodic testing indicated that the resistance of these 
strains did not increase when the strains were exposed 
to a constant concentration of penicillin. 

Concurrently with the study of possible altered sus- 
ceptibility of the Lactobacillus strains to antibiotics 
other than penicillin, the fermentation pattern of 
strains L2, L4, and L11 was determined for comparison 
with their fermentation pattern before developing re- 
sistance to penicillin (table 3). The data presented 
indicate only the inability to produce sufficient acid to 
change the indicator; ability to grow in a limited way 
in the medium was not necessarily inhibited. The fer- 
mentation pattern of strain L2, which developed little 
resistance to penicillin, was not changed. On the other 
hand, the fermentative ability of strains L4 and L11, 
both of which developed resistance to penicillin, was 
decreased. 

Tests for penicillinase activity of all 14 strains of the 
oral lactobacilli at the beginning of the experimental 
period indicated no detectable activity. No penicillinase 


TABLE 3. The fermentation pattern of the lactobacilli before and after exposure to penicillin 


Carbohydr 


te L2 


Before After 


Lactose + (4.53) 


+ (4.96) 


Glucose + (5.04) + (5.10) 

Sucrose + (4.58) + (4.88) 

Sorbitol + (4.77) + (5.04) 

Arabinose* + (4.59) + (4.92) 

taffinose + (4.50) + (5.00) 

Dextrin + (4.84) + (5.05) 

Rhamnose + (4.64) + (5.05) 

Mannite + (4.66) + (4.85) 

Levulose* + (4.66) + (5.05) 

Galactose* + (4.55) + (4.80) 

Xylose* 

Mannose* + (4.56) + (5.05) 

Adonitol 

Dulcitol 

Esculin + (4.83) + (5.03) 

Inositol 

Inulin 

Salicin + (4.59) + (4.74) 

Melibiose + (4.43) + (4.47) 

Melezitose 

Trehalose + (4.36) + (4.89) 
+ (4.55) + (4.86) 


Maltose* 


) 
* = Sterilized by filtration. 


Insufficient acid produced to change indicator system. 


Lactobaci!lus Strain 


L4 Lil 





Before After Before After 
+ (5.07) 
+ (4.98) + (5.09) 
+ (4.96) + (4.82 
+ (4.73) + (5.03) + (4.57) + (5.06) 
+ (4.60) + (5.13) 
+ (5.14) +(5.16 
+ (4.45) 
+ (4.59 
+ (5.52 + (5.50) 
+ (5.01) 
+ (5.02) 
+ (5.01) 


+ (4.86) + (4.99) 


= Sufficient acid produced to change indicator system and terminal pH at end of 72 hr. 
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activity could be detected for strains L2, L4, and L11 
during or at the end of the period of their continued 
exposure to penicillin. 

At the end of the 48-day experimental period, during 
which time strains L2, L4, and L11 had been exposed 
to the maximum concentrations of penicillin in which 
they would grow, all three strains were transferred to 
BHI broth containing no penicillin and subsequently 
transferred at 72-hr intervals. During cultivation 
in penicillin-free broth, their resistance to peni- 
cillin was determined by the serial dilution method 
each time the strains were transferred. All three strains 
maintained their relative resistance to penicillin during 
the first 18 days of growth in penicillin-free broth. 
After 18 days, penicillin resistance of the lactobacilli 
gradually decreased but, even at the end of 105 days, 
the strains did not revert to their original level of 
susceptibility. 

Discussion 

At near neutrality most of the strains of oral lacto- 
bacilli examined were resistant to between 0.5 and | 
unit of penicillin per ml of culture medium. Only two 
strains were more resistant, with one initially resistant 
to 16 units while another was resistant to 32 units. In 
comparing the susceptibility of other bacteria to peni- 
cillin, Streptococcus agalactiae is ordinarily susceptible 
to 0.12 unit per ml, Streptococcus dysgalactiae is usually 
susceptible to 0.1 unit per ml, and Streptococcus lactis is 
usually susceptible to 0.094 unit. A majority of groups 
A, B, C, D of Streptococcus pyogenes are susceptible to 
0.05, 1.0, 1.0, and 5.0, respectively (Welch, 1954). Thus, 
the susceptibility of oral lactobacilli to penicillin is 
comparable to that of some streptococci but more than 
that of others. 

Some strains of oral lactobacilli developed consider- 
able resistance when grown in maximal concentrations 
of penicillin; others did not. On the other hand, none of 
the strains tested developed resistance upon prolonged 
growth in the initial concentration of penicillin to which 
they were resistant. The high resistance of the lacto- 
bacilli to penicillin was not maintained indefinitely 
without continued cultivation in the presence of a 
maximal concentration of antibiotics. The decrease in 
resistance of the lactobacilli to penicillin during cultiva- 
tion in the absence of the antibiotic was gradual and 
such strains did not completely recover their former 
level of susceptibility to the antibiotic during the period 
of experimentation. 


SUMMARY 


Syrian hamster and human oral Lactobacillus strains 
were found to be resistant to dihydrostreptomycin but 
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relatively susceptible to chlortetracycline, bacitracin, 
penicillin, chloramphenicol, and oxytetracycline. The 
results also indicate that most of the human oral Lacto- 
bacillus strains are resistant to 0.5 unit of penicillin per 
ml of BHI broth but susceptible to 1.0 unit. The cul- 
tures became more susceptible to penicillin as the 
acidity of the medium was increased. Some strains 
developed resistance to more than 16,000 units of 
penicillin per ml of medium when grown successively 
in maximal concentrations of the antibiotic, while 
others developed little resistance. Resistance was not 
attributable to penicillinase production, and its devel- 
opment was not associated with changes in suscepti- 
bility or resistance to the other antibiotics. It was 
associated with changes in morphology, gram staining, 
and in fermentative ability. Resistance was partially 
but not completely lost when the bacteria were cultured 
indefinitely in penicillin-free broth. The resistance of 
the recently isolated strains of lactobacilli was not 
increased by growing them successively in broth con- 
taining the initial concentration of penicillin to which 
they were resistant. 
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As regards nutritional value, the chemical composi- 
tion and vitamin content of relatively few kinds of 
fungi have been reported (see review by Thatcher, 
1954). Strains of yeast have been studied most exten- 
sively (Dunn, 1952), bacteria and higher fungi to a 
lesser extent. Most analyses of filamentous fungi, more- 
over, have been carried out on nonuniform surface 
mats, Whereas uniform cellular composition and physi- 
ologie homogeneity of mycelium can be attained only 
in nonstationary cultures, and spores rarely are formed 
in submerged aerated culture (Foster, 1949). 

The wood-rotting Basidiomycetes, as well as certain 
related forms (mushrooms), may be propagated readily 
in submerged culture, forming pellets of mycelium 
(Humfeld, 1948; Jennison, 1948; Humfeld and Sugihara, 
1952; Sugihara and Humfeld, 1954; Jennison ef al., 
1955). Although the two types of wood-rot fungi 
brown rots and white rots-— are unlike in their action on 
the constituents of wood (Campbell, 1952), and may 
be differentiated by their reactions on special culture 
media (Davidson ef al., 1938; Preston and McLennan, 
1948), there appear to be no significant differences in 
nutritional requirements in synthetic media between 
1955). Apparently 
there are no reports in the literature, other than three 


the two groups (Jennison ef al., 


preliminary papers from this laboratory (Jennison ef al., 
1953; Fagan and Jennison, 1955; Richberg and Jenni- 
son, 1956), on the nutritive value of the mycelium of 
the wood-rotting fungi. 

The present paper is a study of the nutritive com- 
position (chemical characteristics and vitamin content) 
of the mycelium of 17 representative species (10 
genera) of wood-rotting Basidiomycetes, grown in sub- 
merged, aerated culture in two types of media—syn- 
thetic and nonsynthetic. Both brown-rot and white-rot 
forms are included. 


' These studies were aided by a contract between the Office 
of Naval Research, Department of the Navy, and Syracuse 
University (N-onr-669(06)). The studies were under the di 
rection of M. W. Jennison. This report constitutes a technical 
report under the above contract. Reproduction in whole or in 
part is permitted for any purpose of the United States Govern 
ment. 

* Portions of this investigation constituted part of a thesis 
submitted by Carl Richberg to the Graduate School of Syracuse 
University in partial fulfillment of the requirements for the 
Ph.D. in Microbiology. 


EXPERIMENTAL METHODS 
Culture Methods 

Most of the 17 organisms used (see table 1) were 
those for which we had previously reported detailed 
growth data (Jennison ef al., 1955). Stock cultures were 
maintained on potato glucose agar (Difco, dehydrated). 
Shake cultures were prepared from the stock slants; 
standardized, blended pellets of growth from the shake 
cultures were used to inoculate large submerged-culture 
vessels for quantity production of each organism for 
subsequent analysis. All incubation was at 28 C. 
Throughout, rigorous sterile precautions were ob- 
served, and controls for contamination were run rou- 
tinely. 

The standard inoculum was prepared as follows. 
Small bits of mycelium were transferred from a stock 
culture into 70 ml of 1.0 per cent malt extract (Difco, 
dehydrated) solution in 250-ml Erlenmeyer flasks, 
which were incubated for 7 days on a reciprocating 
shaking machine. The whole contents of a flask were 
then blended for 30 sec in a sterile Waring Blendor, the 
material in the resulting homogeneous suspension 
washed with sterile distilled water three times by 
centrifuging at 2000 rpm for 2 min, and resuspended in 
30 ml of distilled water. This 30 ml of washed suspension 
constituted the standard inoculum for the large fer- 
mentors. 

Mass cultivation of the organisms in submerged cul- 
ture was carried out under forced aeration in 2!5-gal 
air-lift fermentors (Lundgren and Russell, 1956) con- 
taining 6 L of culture medium and 2 ml of Antifoam A. 
Sterile air was metered at the rate of 1.5 L per minute 
per L of medium. The compressed air was sterilized by 
passage through glass wool in a Kelly infusion bottle, 
then humidified by bubbling through a Selas bacterio- 
logic filter candle (porosity no. 10; size 1 in by 8 in) 
immersed in distilled water. Cultures were grown for 
7 days before harvesting; the approximate maximum 
amount of mycelium (5 to 10 g, dry weight, per L of 
medium) was attained in this time. The mycelium was 
harvested by draining and washing rapidly but thor- 
oughly on a stainless steel sieve, followed by resuspend- 
ing in water and centrifuging. This procedure, rather 
than centrifugation alone, was essential in some cases; 


§’ Dow Corning Corp., Midland, Michigan. 
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TaBLE 1. Chemical and vitamin composition (dry basis) of mycelium of wood-rot fungi grown under forced aeration for 7 days in 1.0 per 


cent malt extract solution 


Chemica! Composition, Per Cent 


Organism, Culture Number, Brown Rot (B), or 


White Rot (W Protein 


NX Fat Fiber 
6.25 

Daedalea quercina FP57076-S (B) 24.9 6.0) 21.5 
Fomes annosus FP90898-R (W) 37.0 10.0 11.6 
Fomes geotropus FP55521-S (W) 36.6 7.5 | 14.6 
Fomes subroseus Snell 20 (B) 40). 4 6.2 7.8 

Hydnum  pulcherrimum  FPS81027-R 
(B) ie 4 10.0 6.1 
Lentinus lepideus Mad. 534 (B) 36.0 5.7 S.4 
Lentinus tigrinus Mad. 466 (W) 21.7 9.3 7.4 
Lenzites trabea Mad. 539 (B) 34.2 5.5 9.1] 
Peniophora gigantea FP56475-8 (W) 25.5 12.9 10.3 
Poria monticola Mad. 575 (B) 38.9 5.5 11.5 
Poria subacida FP71955 (W) 22.8 6.6 10.0 
Poria xantha FP192-Sporo (B 38.6 2.3 12.7 
Polyporus anceps FP58526-R (W 27.4 5.5 14.9 
Polyporus palustris FP94152 (B) 5 a 2.8 16.3 
Polyporus tulipiferus Mad. 517 (W) 10.8 2.9 5.9 
Ptychogaster rubescens UIFP716 (B). 28.0 7.2 $.3 
Trametes serialis FP11977 (B) 21.9 8.9 12.9 
Avg. 30.6 7.0 10.4 


cultures sometimes contained a precipitate, and certain 
organisms produced a slime which could not readily be 
separated from the mycelium by centrifugation alone. 
The washed mycelium was immediately lyophilized and 
stored over Drierite. 
Media 
Two types of culture media 
thetic—were used to obtain mycelium for comparative 
analysis. These were: (1) 1.0 per cent malt extract 
(Difco, dehydrated) solution. This solution had a total 
nitrogen content of approximately 0.012 per cent,! 
contained about 0.9 per cent carbohydrate and had a 
pH of 4.9 after sterilization. Seventeen fungi were 
grown in this medium. (2) Synthetic media optimal 
for the maximal amount of growth of each of 8 of the 
17 organisms. These chemically defined media all con- 
tained glucose, mineral salts, L-glutamic acid and thi- 
amin, but in different proportions (for composition, see 


nonsynthetic and syn- 


Jennison ef al., 1955). The optimal nitrogen concentra- 
tion varied from 0.02 to 0.14 per cent, depending upon 
the species of fungus; the optimal pH differed for most 
species. The glutamic acid, thiamin, glucose, mineral 
salts and antifoam were autoclaved separately, then 
combined aseptically. With one organism (Polyporus 
palustris), used for determining amino acids of the 
mycelial protein, a basal synthetic medium (Jennison 
et al., 1955) was used for growth. 
Analytical Procedures 

Chemical and vitamin methods used were those of 

the Official Agricultural 


‘This value was erroneously given as 0.004 per cent in 
Jennison et al., 1955. 


Association of Chemists 
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Vitamin Composition, ug per g 


a ome Thiamin e- Niacin | Biotin : henic ps a. 
acid 
53.3 13.8 29.4 420 0.67 5.6 0.49 2.0 
36.8 18.0 32.4 166 1.23 13.6 6.60 1.7 
37.6 5.8 24.0 178 0.76 52.0 2.20 5.7 
$1.5 $.8 44.0 280 1.40 20.0 1.90 3.0 
55.6 1.0 | 25.8 192 | 0.32 7.2 | 8.08 | 6.0 
1S. 1 25.4 38.0 170 1.36 12.8 1.70 3.1 
57.9 8.3 22.0 182 0.37 30.0 9.10 0.6 
17.5 2.6 10.0 100 1.20 26.4 0.34 3.6 
19.1] 16.2 22.0 164 0.64 18.0 1.26 ia 
11.4 10.8 16.0 305 2.32 10.8 5.62 1.3 
§2.5 1.0 20.0 260 0.50 9.8 3.36 3.6 
14.4 6. 1 21.8 316 1.28 4 7.52 1.8 
18.6 8.0 96.0 172 0.47 22.4 6.32 5.0 
55.3 6.0 24.0 325 1.20 15.0 1.80 7.0 
17.1 23.1 46.0 350 0.78 19.2 5.58 9.8 
56.7 14.4 41.2 250 0.62 25.1 8.835 5.0 
54.9 4.2 7.4 14 1.30 3.1 0.39 2.6 
1S .7 12.9 32.3 245 0.96 17.8 4.35 1.8 


(A.O.A.C.), or other accepted procedures. In several 
cases various methods of analysis were compared, as 
regards reproducibility, for the components of the 
fungal mycelium; the methods or modifications finally 
used were those which gave the most consistent results, 
In the preparation of material for analysis, all samples 
of previously lyophilized mycelium were ground to pass 
through a sieve having l-mm holes (official method, 
A.O.A.C., 1955, Sec. 22.2), and kept in a desiccator 
over Drierite. Before analysis, samples for chemical 
determinations were dried to constant weight in a 
vacuum oven at 80 C; samples for vitamin assay were 
weighed directly from the desiccator. Analytic data are 
reported on a moisture-free basis. All figures are aver- 
ages of at least duplicate determinations on one myce- 
lial sample; in many cases replicate mycelial samples 
were averaged. Amino acids in hydrolyzates of mycelial 
protein were determined chromatographically, using 
standard methods (Block ef al., 1955); the protein was 
hydrolyzed with HCl, or, for tryptophan identification, 
with Ba(OH)s. 

Chemical methods. 

Crude protein: NX 6.25—Official micro-method 
for total nitrogen, A.O.A.C. (1955), Sec. 37.9-37.11. 

Crude fat: Mycelium extracted with petroleum ether 
for 24 hr. 

Crude fiber: Official method, A.O.A.C. (1955), See. 
22.31-22.33. 

Ash: official 


Modification of 


method, A.O.A.C. 


(1955), Sec. 13.6: sample ashed at 550 C for 5 hr, with 
1 ml of concentrated HNO; added after 2 hr as an 
ashing aid (Jacobs, 1951). 
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N-free extract (carbohydrates): By difference: 100 
(protein + fat + fiber + ash). 

Amino acids-—qualitative: Ascending, two-dimen- 
sional paper chromatography (Block ef al., 1955). 
Solvents: phenol and butanol-acetic acid; color-devel- 
oping reagent: ninhydrin, After development of spots 
on the paper, specific amino acids in the hydrolyzates 
were identified by comparison with the R;y values of 
22 known standards and from the pattern of spots of 
known mixtures. 

Amino acids quantitative: Spot-area method of 
Fisher (Block ef al., 1955). Chromatograms developed 
as above, using ninhydrin except for proline (isatin 
reagent). Methionine was converted to the sulfone 
with H.O» to eliminate overlapping with valine. 

Vitamin assay methods. 

Thiamin (HCl): Official fluorometric 
A.O.A.C. (1955), See. 38.22-38.28. 

Riboflavin: Official fluorometric method, A.O.A.C. 
(1955), Sec. 38.37-38.40. 

Niacin: Microbiologie method of Snell and Wright 
(1941), using Lactobacillus arabinosus 17-5 (A.T.C.C 
no. 8014). 

Biotin: Modified 1948) microbiologic 
method of Wright and Skeggs (1944), using L. arabi- 
nosus) 17-5 (A.T.C.C. no. 8014). 

Pantothenic acid: Modified (Johnson, 1948) micro- 
biologie method of Hoag ef al., (1945), using L. arabi- 
nosus 17-5 (A.T.C.C. no. 8014). 

Folic acid: Official (microbiologic) method, A.O.A.C. 
(1955), See. 38.48-38.51, using Streptococcus faecalis 
(A.T.C.C. no. 8043). 

Pyridoxine (HC1) (Bs complex): Microbiologic method 
of Atkin ef al., (1943), using Saccharomyces carlsbergen- 
sis (A.T.C.C. no. 4228). 


method, 


(Johnson, 


EXPERIMENTAL RESULTS 
Table 1 summarizes the chemical and vitamin com- 


position of 17 wood-rot fungi grown in air-lift fer- 


TaB.e 2. Chemical and vitamin composition (dry basis) of the mycelium of certain wood-rot fungi grown under forced aeration for % 
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mentors in malt extract medium. Table 2 shows the 
composition of the mycelium of eight of the above 
species grown in optimal synthetic media; the averages 
for these same eight organisms from malt extract also 
are given (computed from table 1). In table 3, values 
computed from tables | and 2 allow comparison of the 
average composition of the brown rots and the white 
rots harvested from different media. In connection 
with table 3, it should be noted that the total number 
of species of brown rots (10) and of white rots (7) grown 
in the malt extract solution (column a) probably is 
adequate for computing reliable averages for the my- 
celial components of these two groups in this medium; 
fewer organisms of each group (5 brown rots, 3 white 
rots) were cultured in synthetic media and the averages 
for these media (column b), as well as the mean values 
in column c, are therefore less reliable. 


Chemical Composition of Mycelium 


Crude protein. It is recognized that the conventional 
conversion factor, N X 6.25, may not give a very ac- 
curate estimate of the protein content of mold my- 
celium, but data are not available for precise evaluation 
of the protein and nonprotein nitrogen. For protein and 
other cellular constituents, however, we are interested 
primarily in comparable data rather than in absolute 
values. 

As regards individual organisms, both species and 
media differences are evident in the amounts of protein 
synthesized; the latter differences are in general less 
marked. Among species, the highest protein content was 
about twice the lowest, in both types of culture media 
(tables 1, 2). The average per cent of protein was vir- 
tually the same for the 17 species grown in malt ex- 
tract, for the eight organisms in synthetic media, and 
for the same eight organisms in malt extract. 

Eight species from the malt extract contained be- 
tween 34 and 40 per cent of protein; in the chemically 
defined media, four organisms fell within this range. 


? days 


in synthetic media optimal for each organism 


Chemical Composition, Per Cent 


Organisr . 
“3 Protein 


(N X Fat Fiber 
6.25) 

Daedalea quercina 21.6 g ie 9.6 
Fomes geotropus 38.2 8.6 6.8 
Fomes subroseus Zoe 1.9 8.3 
Lentinus tigrinus 31.6 1.5 7.6 
Lenzites trabea : 36.4 4.3 11.8 
Polyporus palustris 26.4 3.4 6.8 
Polyporus tulipife rus 40.9 1.8 6.5 
Trametes serialis 34.4 5.8 5.8 
Avg. 32.4 4.8 7.8 

Avg. for same species in malt ex 
tract medium (table 1) 30.4 6.3 10.7 


Ash 


4.82 
8.97 
6.59 
5.35 
3.54 
4.53 
4.34 
3.63 


2.08] 


Vitamin Composition, ug per g 


r : Panto- » as eee 
extract | Thiamin | fueg, | Niacin Biotin | thenic | EOF bye 
56.2 194.8 20.4 134 0.68 8.9 1.20 5.0 
37.4 21.6 35.6 181 0.80 36.0 9.58 bd 
53.9 8.3 21.4 148 0.56 Xe 1.00 1.5 
51.0 20.4 21.0 332 1.06 80.0 3.30 8.0 
44.0 159.0 22.2 32 0.58 8.0 1.40 oo 
61.4 10.4 26.2 150 1.68 8.5 6.78 8.0 
46.5 94.0 56.2 300 1.13 11.4 5.02 7.5 
50.4 32.4 28.2 168 0.80 2:8 1.70 3.0 
50.1 67.6 28.9 181 0.91 19.9 3.75 5.3 
49.4 8.6 25.6 235 0.96 21.4 2.42 4.4 
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TABLE 3. Average composition (dry basis) of mycelium of brown 
rots and of white rots, harvested from malt extract and from 
optimal synthetic media 


Computed from tables 1 and 2 


of 
eo . b From Malt Extract 
From Malt Extract) From Synthetic Medium (table 1); 
Medium (table 1) Media (table 2 Same Organisms as 
Analyses in Column 6 


Brown White Brown White Brown White 


rots rots rots rots rots rots 
(10 7 5 (3 (5 (3 
spec ies spec ies) spec ies) spec ies spec ies) species) 


Average composition, per cent 


Chemical 
Protein 30.9 30.3 29.6 36.9 28.8 33.0 
Fat 6.2 7.8 4.6 6.5 6.3 6.6 
Fiber 10.1 10.7 8.5 7.0 11.5 9.3 
Ash 3.00 4.18 1.62 6.22 2.85 3.59 
N -free $9.9 47.1 Dps.2 15.0 50.5 17.5 


extract 
Average composition, wg per g 


Vitamin 


Thiamin 13.9 11.5 81.0 15.3 6.3 12.4 
Riboflavin 98.8 |. 87.5 “2 ae f 37.6 23.0 30.7 
Niacin 240 253 126 271 234 237 
Biotin BS hry 0.68 0.86 1.00 1.15 | 0.64 
Pantothenic 13.8 23.6 6.3 2.5 14.0 | 33.7 
acid 

Folie acid a.7 5.4 2.4 6.0 0.98 5.68 
Pyridoxine 4.5 5.3 4.2 74 a 5.4 


Two organisms (both white rots) —Fomes geotropus and 
Polyporus tulipiferus——synthesized about 40 per cent of 
protein in both types of media. In table 3, it is seen 
that in mycelium from malt extract there was little 
(column c) or no (column a) difference in the average 
protein content of brown rots and white rots; in syn- 
thetic media (column 6) the white rots averaged some- 
what more protein than did the brown rots. 

Crude fat. The fat content of mycelium varied both 
among species (5-fold) and between types of media; 
the average for organisms in synthetic media was defi- 
nitely less than in malt extract. In synthetic media, 
only two organisms contained as much as 8 per cent of 
fat; in malt extract, six species attained or exceeded 
this figure. Three high-protein organisms—Fomes an- 
nosus from malt extract, Trametes serialis from a syn- 
thetic medium, and F. gealropus from both types of 
media— showed fat contents greater than the averages 
for the respective media. White-rot species synthesized 
somewhat more fat than did brown-rot forms, in both 
types of media (table 5). 

In developing the fat extractions for the mycelial 
material, it was noted that the apparent fat content 
varied with the antifoam used in the fermentation. 
With Vegifat Y° as an antifoam, the crude fat of the 


* Nopco Chemical Company, Harrison, New Jersey. 


mycelium averaged 2 to 3 times that obtained using 
Antifoam A. Vegifat Y, according to the manufacturer, 
is “composed of long and short chain fatty acids,” and 
is soluble in petroleum ether. Apparently this antifoam 
was adsorbed or metabolized by the mycelium during 
the fermentation, and then was extracted in the fat 
determination, giving spurious values for mycelial fat. 
Antifoam A, a silicone product, is not soluble in ether. 
However, it was adsorbed by the mycelium in culture, 
and removed physically during the fat extraction, ap- 
pearing as a scum in the extraction flasks. Care had to 
be taken not to remove this scum when the ether was 
decanted prior to evaporation. Also, in a few samples of 
mycelium which were prehydrolyzed (refluxed with 2 
per cent HCl for 2 hr) before extraction of the fat, the 
values for fat were about twice those of the same 
mycelium without prehydrolysis. Although the data 
in the tables are for the standard extraction, apparently 
only a portion of the fat was removed by this procedure. 

Crude fiber. This analysis was carried out on the 
extracted residues from the fat determinations. The 
greatest range of variation in crude fiber among species 
was about 4-fold (in malt extract); the average amount 
of fiber in organisms from synthetic media was sig- 
nificantly less than in those grown in malt extract. The 
brown rots, on the average, contained (table 3) about 
the same (column a) or larger (columns 6 and c) 
amounts of fiber than did the white rots. 

Ash. The higher average ash of organisms from the 
synthetic media may reflect qualitative or quantitative 
differences in mineral content between the malt  ex- 
tract medium and the chemically defined substrates. 
Variations in ash content among species was greater 
in mycelium from malt extract (6-fold) than from 
synthetic media (2.5-fold). The average ash content 
of the white rots was considerably higher than that 
of the brown rots, in all media. 

A few determinations were made of the calcium and 
the phosphorus content of the ash. Phosphorus (as P), 
averaged about 1.5 per cent of the dry mycelial weight; 
calcium (as Ca) was about 0.2 per cent. 

Nitrogen-free extract. “Carbohydrates,” calculated by 
difference, varied less than other cellular constituents; 
the averages were virtually the same for all media. 
The brown rots showed higher average values than 
the white-rot species, regardless of the nutrient sub- 
stratum. 


Vitamin Content of Mycelium 


Thiamin. We have previously shown (Jennison ef 
al., 1955) that, for the organisms used in the present 
study, thiamin is the only vitamin which must be 
added to synthetic media. Although the malt extract 
presumably contained a variety of vitamins, only thia- 
min Was present in the solutions of known composi- 


tion. Except for thiamin, therefore, vitamins present 
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in fungal mycelium from the chemically defined solu- 
tions represent a total synthesis from components of 
the media. In mycelium from malt extract, the thia- 
min probably results both from synthesis and absorp- 
tion from the medium. 

A wide range in thiamin content was evident among 
species 56-fold in mycelium from malt extract and 
some 24-fold in material from synthetic media. The 
average thiamin content of the 17 organisms from 
malt extract was only one-fifth as large as the average 
for the eight species from synthetic media; for the 
same organisms in the two types of media, the average 
for those in the synthetic substrates was eight times 
that for species from malt extract. Daedalea quercina 
and Lenzites trabea showed especially high thiamin 
values in synthetic media. In malt extract, only Porta 
vantha was relatively high in thiamin, but this amount 
was only one-quarter of that found in D. quercina from 
a medium of known composition. The high thiamin 
values for mycelium from synthetic media probably 
reflect the addition of this vitamin to the media and 
absorption by the organisms. As between the brown 
and white rots (table 3), there was no consistency 
relative to which group was better in the synthesis 
and/or absorption of this vitamin (ef., columns b 
and ¢). 

Riboflavin. The variation in amounts of this vitamin 
among species Was 13-fold in malt extract and 3-fold 
in chemically defined media. The average riboflavin 
content of the eight species in synthetic media was 
comparable to the average both for the same organisms 
and for all organisms in malt extract. Polyporus an- 
ceps had the highest content of riboflavin in malt 
extract, and P. fulipiferus in a synthetic medium. The 
white-rot fungi averaged significantly larger amounts 
of riboflavin than did the brown rots. 

Niacin. The range of variation in niacin among 
species was about 10-fold in both types of media. 
There was a significantly higher average niacin con- 
tent in mycelium of organisms from malt extract than 
from synthetic media. In synthetic media, Lentinus 
ligrinus and P. tulipiferus had the highest niacin val- 
ues; D. quercina and F. annosus were especially out- 
standing in malt extract. The white-rot species, espe- 
cially in synthetic media, had a higher average niacin 
content than the brown-rot forms. 

Biotin. Although the differences in biotin content 
among species was greater in malt extract (7-fold) than 
in synthetic media (3-fold), the average values were 
hearly identical for the two types of media. The high- 
est biotin content was found in Porta monticola trom 
malt extract medium. In the case of this vitamin, 
mycelium of the brown rots from malt extract (table 
3, columns a and c) assayed higher than that of the 
white rots, although the reverse was true for the re- 
spective groups grown in synthetic media (column b). 


Pantothenic acid. Large variations in pantothenic 
acid are seen among species—17-fold in mycelium from 
malt extract and 29-fold in cultures from synthetic 
media. Average values for the two types of media are 
nearly the same, however, whether all organisms from 
malt extract are considered or only those also grown 
in the synthetic nutrient solutions. Outstandingly high 
amounts of pantothenic acid were found in F’. geotropus 
from malt extract and in L. figrinus from a synthetic 


medium. The white-rot fungi contained markedly 


larger amounts of pantothenic acid than did the brown- 
rot types; the synthesis of this vitamin by the white 
rots in chemically defined media was especially striking 
(table 3, column }). 

Folic acid. The differences in folic acid among species 
Was greater in organisms from malt extract (27-fold) 
than from synthetic media (10-fold). Although the av- 
erage folic acid content was somewhat greater for the 
17 species from the first medium compared with the 8 
forms from the second, this relationship was reversed 
when data for the same organisms in the two types of 
media are compared (table 2). F. geotropus, in a chemi- 
cally defined medium, synthesized the largest amount 
of folic acid; two organisms from malt extract ap- 
proached this value. As was the case with pantothenic 
acid, the white-rot organisms assayed markedly higher 
amounts of folic acid than the brown rots, in all culture 
media. 

Pyridoxine. The assay method used for vitamin Be 
did not differentiate among the three forms in this 
complex——pyridoxine, pyridoxal and pyridoxamine 
hence all are included as *‘pyridoxine.”’ 

Variation in pyridoxine among species from malt 
extract was 5-fold and from the optimal media was 
16-fold. The average amount of this vitamin was some- 
what greater in organisms from the synthetic media 
than in those from malt extract. P. fulipiferus had the 
highest pyridoxine content of any organism from malt 
extract; this organism also was one of the three best 
in synthetic media. Pyridoxine was found in signifi- 
cantly greater amounts in mycelium of white-rot fungi 
than of brown-rot species, regardless of the nutrient 
substrate. 


Amino Acids of Polyporus palustris 


Table 4 shows the amino acids found in the mycelial 
protein of P. palustris; the 7-day-old growth was from 
a basal synthetic medium (Jennison ef al., 1955) con- 
taining glutamic acid as a nitrogen source. The same 
amino acids, and similar quantities, also were found in 
the protein of this organism grown in malt extract and 
in the basal synthetic medium with ammonium nitrate 
as a nitrogen source. It is apparent that most of the 
common amino acids were present in the protein of this 
brown-rot fungus. The following were not detected: 
asparagine, cystine, cysteine, hydroxyproline, and orni- 
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TABLE 4. Amino acids in hydrolyzates of Polyporus palustris 


mycelium grown in a basal synthetic medium for 7 days under 
force d aeration 
Per Cent of Dry 


Amino Acid Per (¢ ent of Total 


Mycelium Amino Acids 

a-Alanine.. 3.4 10.5 
Arginine. 2.6 8.0 
Aspartie acid 2.5 “| 
Glutamie acid... 2.4 8.3 
Glycine.. 1.6 1.9 
Histidine 1.6 1.9 
Leucine + isoleucine 2.9 9.0 
Lysine.. 2.1 6.5 
Methionine sulfone.. is $.0) 
Phenylalanine... 1.8 5.6 
Proline 2.0 6.5 
Serine 2.4 7.4 
Threonine.... 1.8 5.5 
Tryptophan... 0.8 2.5 
Tyrosine 0.8 2.5 
Valine 2.0 6.2 

Totals 32.4 100.0 


thine. The protein content of P. palustris mycelium 
from the basal synthetic medium was virtually the 
same (32.4 per cent) whether calculated from the amino 
acid data (table +) or obtained from a determination 
of total nitrogen (33.1 per cent). 


Animal Feeding Experiments 

Preliminary feeding trials were carried out with 
young white mice (weight 9 to 15 g) and guinea pigs 
(260 to 340 g weight) fed fresh, drained, uncooked 
mycelium of each of the organisms in table 1, harvested 
from the malt extract medium. One feeding, ad libitum, 
of such mycelium to animals which had been starved 
for 24 hr showed no toxic effect in any case. In a 1- 
month mouse-feeding experiment, using a diet of 50 
per cent P. palustris mycelium and 50 per cent labora- 
tory rations, the mice gained weight and had no ap- 
parent symptoms of toxicity or of dietary deficiency. 
Mice that were fed a diet of 100 per cent P. palustris 
mycelium lost weight and died on the eighth day, 
exhibiting symptoms of dietary deficiency. It may 
tentatively be concluded that the mycelia of the 17 
wood-rot fungi used contained no toxic principle per se. 
The mycelium of P. palustris did not by itself constitute 
an adequate diet over a period of time. 


DiIscussION 

Among the factors which are known to influence 
cellular constituents of fungi are the strain of the or- 
ganism, aeration, age of culture, and composition of 
the medium (see Foster, 1949). None of the above 
factors was investigated as such in the present study. 
The present research is essentially a ‘‘screening’”’ of 
representative wood-rot fungi to determine their chemi- 
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eal and vitamin composition when grown under certain 
specified conditions. The synthetic media, quantita- 
tively different in composition for each organism, were 
“optimal” only for producing the maximal amount of 
growth, not for any specific mycelial constituent. No 
attempt was made experimentally to increase any my- 
celial component; further research is in progress for 
this purpose. 

Except for three brief reports from this laboratory 
(Fagan and Jennison, 1955; Jennison ef al., 1953: 
Richberg and Jennison, 1956), the last two of which 
studies are a part of the present paper, there are vir- 
tually no data available on the chemical and vitamin 
composition of the basidiomycetous wood-rotting fungi, 
The results obtained in the present study can therefore 
only be compared with analyses of related kinds of 
fungi. 

Our average values for the chemical and vitamin 
composition of wood-rot mycelia (except for the high 
thiamin in organisms from synthetic media) are similar 
to the data given by Humfeld and Sugihara (1949) for 
submerged-culture mycelia of two strains of a Ba- 
sidiomycete related to the wood-rot fungi, the com- 
mercial mushroom, Agaricus campestris. The nutritive 
composition of the spore structure of this organism 
(Anderson and Fellers, 1942) closely resembles that of 
the mycelium. The vitamin content of the wood rots 
also was similar (except for thiamin) to that of sub- 
merged-culture mycelium of Agaricus blazei (Block et 
al., 1953); no data, except kinds of amino acids, were 
given for the chemical composition of this organism. 
Our very high thiamin values in the organisms from 
synthetic media probably reflect the addition of this 
vitamin to the media; in the papers cited above, non- 
synthetic media without added vitamins were used. 
The latter authors detected only 14 amino acids in 
the protein of A. blazez, in contrast to the 17 which we 
found in P. palustris. The 17 amino acids in P. palustris 
mycelium included those now considered essential in 
human nutrition and those known to be required by 
certain animals (Albritton, 1954, table 12). We have 
demonstrated the same 17 amino acids to be present 
in the protein of P. palustris and of D. quercina grown 
in several synthetic and nonsynthetie media (Fagan 
and Jennison, 1955). It also is of interest that the 
protein of P. palustris contained good amounts. of 
lysine and threonine (table 4), amino acids that often 
are low in plant protein, for example, wheat gluten 
(Albritton, 1954, table 73). Submerged-culture myce- 
lium of another mushroom—the edible morel, J/or- 
chella hortensis (an Ascomycete)—has been shown in 
our laboratory (Koda, 1951) to contain the same 
amino acids as does P. palustris, although in different 
proportions. References to other papers on various 
chemical constituents of higher fungi, including wood- 
rotting Basidiomycetes, are given by Ralph (1949); the 
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distribution of vitamins in microorganisms is reviewed 
by Van Lanen and Tanner (1948) and by Thatcher 
(1954). 

There was great variation among individual species 
in the amounts of different mycelial constituents syn- 
thesized by the wood-rot fungi. To some extent this 
variation results from qualitative and quantitative dif- 
ferences in Composition of the culture media, and in 
some degree reflects differences in synthetic ability 
among various organisms in the same medium. No one 
species of wood-rot was the “best” in all-around nutri- 
tive composition under the conditions used in the pres- 
ent study. The high-protein organisms often were low 
in fat content, and vice versa, although F’. annosus in 
malt extract, 7’. serialis in a synthetic medium and 
F. geotropus in both media synthesized greater than 
average amounts of these two mycelial components. 
Despite the marked differences in composition of the 
two types of culture media, the average amount of 
protein was the same in organisms grown in each type; 
the fat content was lower in mycelium from synthetic 
media. As regards vitamins in the mycelium, certain 
organisms grown in malt extract contained well-above- 
average amounts of, usually, one growth factor. A few 
species from this medium, for example, P. xantha and 
P. tulipiferus, were above average in several different 
vitamins. L. frigrinus and P. tulipiferus from synthetic 
media are seen to contain relatively large quantities of 
ach of three vitamins; certain other species were high 
in only one. The three high-protein, high-fat organisms 
mentioned above’. annosus, F. geotropus and T. 
serialis—were not outstanding in vitamin content; F. 
annosus, from malt extract, was perhaps the best of 
the three. As regards the relation of the type of culture 
medium to the average vitamin content of mycelia, 
there was little difference between the synthetic and 
the nonsynthetic substrates except in the special case 
of thiamin. The markedly higher average value for 
thiamin in mycelia from synthetic media (tables 1 and 
2) probably results, in part at least, from the addition 
of this vitamin to the chemically defined substrates. 
The high thiamin content in this case, therefore, does 
not necessarily reflect cellular synthesis only. In myce- 
lia from chemically defined solutions, all vitamins 
other than thiamin were synthesized from the constit- 
uents of the media. For organisms harvested from 
malt extract, the amounts of at least certain vitamins 
represent both absorption from the medium and meta- 
bolic activity of the organism. 

There were fairly marked quantitative differences 
between the white-rot fungi and the brown rots in 
most of the important mycelial constituents. The for- 
mer species averaged usually in both types of culture 
media—more protein, fat, ash, riboflavin, niacin, pan- 
tothenie acid, folic acid, pyridoxine and, in synthetic 
media, more biotin. On the basis of the above data, the 


white rots appear to offer more promise than the brown 
rots for further investigation of the synthesis of myce- 
lial constituents. Also, because white-rot fungi attack 
lignin in addition to cellulose, whereas the brown rots 
act primarily on cellulose (Campbell, 1952), the former 
types may advantageously be grown in a greater vari- 
ety of complex nutrients, including fermentable wastes. 

The nutritive quality of the wood-rot fungi, as deter- 
mined by animal feeding experiments, needs further 
evaluation. Our preliminary results indicated that, while 
these fungi probably did not contain a toxic principle, 
the mycelium was not nutritionally adequate as a sole 
source of food. Similar results have been observed with 
other kinds of fungi which have been assessed for nu- 
tritional value (see Thatcher, 1954). 

Reasons for the current interest in the synthesis of 
food by microorganisms, as well as a review of the 
technical literature, are given by Thatcher (1954). 
Many factors, biologic and economic, enter into the 
question of what kinds of microbes may be of practical 
use. The production of yeast as a supplement for hu- 
man food and for animal and poultry feeds has attained 
commercial proportions (Wiley ef al., 1950; Dunn, 
1952); the practicability of large-scale, submerged cul- 
ture of commercial mushroom mycelium in certain 
waste materials has been demonstrated (Humfeld, 
1952, 1954). There is increasing recognition of the po- 
tentialities of the fermentation processes of yeast and 
other fungi as efficient methods for the utilization of 
carbohydrate wastes of agriculture and _ industry 
(Holderby and Wiley, 1950). 

The wood-rot fungi have one fermentative ad- 
vantage not shared by most other microbes: their 
unique ability to split the cellulose-lignin complex of 
wood. The cellulolytic activity of these organisms (for 
example, Campbell, 1952; Siu and Reese, 1953; Kunz 
et al., 1954), and ability to utilize a variety of carbon 
compounds (Newcomb and Jennison, 1954) and differ- 
ent forms of nitrogen (Jennison ef al., 1955), attest to 
their adaptability to a diversity of substrates. The 
wood-rot fungi produce good growth in many cheap 
substrates and plant wastes, such as potato, bran and 
corn steep liquor (Jennison, 1948), molasses fermenta- 
tion residues and spent brewers’ grains (Fagan and 
Jennison, 1955), corn cobs, wood wastes, coffee grounds, 
cannery wastes, and spent sulfite liquor (unpublished 
observations). The products of fermentation and syn- 
thesis of the wood-rot fungi have been studied rela- 
tively little (see Ralph, 1949; Walter, 1954); the forma- 
tion of polysaccharide, of pigments, and of oxalic and 
other acids has been observed in our laboratory with 
a number of species in submerged culture. The poten- 
tialities of the wood-rotting fungi for the disposal of 
fermentable wastes, for the production by fermentation 
or synthesis of useful substances, and as sources of food, 
warrant further investigation. 
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SUMMARY 


A study was made of the chemical and vitamin 
composition of the mycelium of 17 representative 
species of wood-rotting Basidiomycetes, both brown 
rots and white rots. The organisms were grown for 7 
days in submerged culture under forced aeration. Each 
of the 17 species was cultured in a malt extract me- 
dium, and 8 of these also were grown in synthetic 
media. The media were chosen only because they 
supported good growth, not because they enhanced 
the synthesis of any particular constituent. 

Quantitatively, the composition of mycelium varied 
markedly with the species of organism and with the 
medium. For chemical constituents (expressed as per 
cent of dry mycelium), over-all averages for the differ- 
ent species from both types of media were as follows: 
protein, 31.5; fat, 5.9; fiber, 9.1; ash, 4.35; carbohy- 
drates, 49.2. For vitamins (expressed as micrograms 
per gram of dry mycelium), over-all averages were: 
thiamin, 40.3; riboflavin, 30.6; niacin, 213; biotin, 1.32; 
pantothenic acid, 18.8; folic acid, 4.05; pyridoxine, 
5.1. The mycelial protein of one organism was shown 
to contain 17 amino acids; the amount of each was 
determined. 

No one species of wood rot was “best”? in all-around 
nutritive composition. Three high-protein, high-fat or- 
ganisms were not outstanding in vitamin content. 
Certain other species contained relatively large amounts 
of one or more vitamins, but showed low values for 
protein and fat. There was, in general, little difference 
between synthetic and nonsynthetic media as regards 
their effect on the average amounts of mycelial con- 
stituents produced. Mycelia grown in synthetic media 
averaged somewhat less fat, but more niacin and thia- 
min (a special case), than when harvested from malt 
extract. As between the brown rots and the white rots, 
the latter averaged larger amounts of most of the nu- 
tritionally important mycelial components. 

Preliminary experiments in feeding the uncooked 
mycelia of wood rots to mice and guinea pigs indicated 
that none of the 17 species caused any acute toxicity. 
Mycelium of Polyporus palustris the only species in- 
vestigated in more detail was not adequate over a 
period of time as a sole source of food for these ani- 
mals. 

Some general aspects of the synthesis of nutritionally 
valuable substances by microorganisms, and the po- 
tentialities of wood-rot fungi in this regard, are men- 
tioned briefly. 
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Actinomycin was first isolated from a culture of 
Streptomyces antibioticus by Waksman and Woodruff 
(1940). Since then, this antibiotic has been obtained 
from the culture medium of a number of Streptomyces 
species by various investigators and has been readily 
isolated in crystalline form. The various crystalline 
products have been designated A, B, C, D, I, J, and X 
(Waksman, 1954 


these actinomycins are not homogeneous substances 


It has been shown, however, that 


but consist of a number of closely related biologically 
1954; 
Roussos and Vining, 1956; Pugh ef al., 1956). Recent 


active components (Brockmann and = Gréne, 


evidence suggests that the A, B, D, and X complexes 
may consist of the identical components but differ in 
the relative amount of each component present (Rous- 
sos and Vining, 1956). 

Structural studies have revealed that the actinomy- 
cin molecule is composed of two polypeptides linked 
to a chromophori¢e quinonoid moiety which is probably 
the same for all components (Brockmann and Voh- 
winkel, 1954; Brockmann and Muxfeldt, 1955; Angyal 
et al., 1955; Brockmann ef al., 1956). The peptides of a 
given actinomycin component, however, may or may 
not be identical. Differences in the components of an 
actinomycin complex or of different complexes are 

| This investigation was supported by a research grant from 
the United States Publie Health Service and by funds supplied 
by Rutgers Research and Educational Foundation. 


probably due solely to variations in the number, ar- 
rangement, and kinds of amino acids present in the 
peptides (Brockmann ef al., 1956). For example, cer- 
tain components of actinomycin C, actinomycin C, 
and C;, can be distinguished from those of actinomy- 
cins A, B, D, I, and X by the presence of b-alloiso- 
leucine in the peptide part of the molecule (Dalgliesh 
et al., 1950; Brockmann ef al., 1953; Waksman, 1954). 
All actinomycin complexes thus far analyzed possess 
the amino acids sarcosine, D-valine, L-proline, L-threo- 
nine, and N-methyl! valine. 

In a previous investigation, Goss ef al. (1956)? ob- 
served that a significant change in the composition of 
an actinomycin complex occurred during growth of a 
Streptomyces culture on either a complex organic or 
chemically defined medium. During the early stages of 
growth only the actinomycin B type complex was pro- 
duced; on continued incubation of the culture only the 
actinomycin A type complex was recoverable from the 
medium. To determine whether this process was of 
general occurrence, a study of actinomycin formation 
by a number of Sfrepfomyces cultures was undertaken 


2Goss et al. (1956) reported that during the growth of 
Streptomyces strain 3720 a shift from the B- to the I-type 
actinomycin complex occurred. On the bases of the investi- 
gations of Roussos and Vining (1956), the actinomycin complex 
produced in the late stages of growth has been positively 
identified by us as the A type. 





96 W. A. GOSS 


and the results obtained form the subject matter of this 
communication. 


MATERIALS AND MetrHops 


Actinomycin-producing The 
employed in this study were Streptomyces strain 3720 
(actinomycin A, B), Streptomyces strain 3686 (actino- 


organisms. organisms 


Qe 


mycin A), Streptomyces strain 3657 (actinomycin C), 
Streptomyces strain 3723 (actinomycin B), and Strepto- 
myces strain 3724 (actinomycin X). All culture num- 
bers refer to the collection of the Institute of Micro- 
biology of Rutgers University. 

Cultures were grown on slants of a yeast extract- 
glucose agar medium at 28 C until well sporulated 
and then were maintained at 4 C prior to use. 

Preparation of seed cultures for experimental media. 
Approximately 4 ml of distilled water were added to a 
slant of a given Streptomyces culture and a spore sus- 
pension prepared. One milliliter of this suspension was 
inoculated into 100 ml of a soya peptone-glucose 
medium in a 250-ml Erlenmeyer flask and incubated 
at 28 C on a rotary shaker at 220 rpm for 48 hr. The 
mycelial growth was harvested by centrifugation, 
washed three times with sterile physiologic saline, and 
finally resuspended in 100 ml saline. One milliliter of 
this suspension served as inoculum for each flask of a 
given experimental medium. These flasks were then 
incubated at 28 C on a rotary shaker, and aliquots 
were removed at various intervals for antibiotic assay 
and extraction of actinomycin. 

Experimental media. The media employed for the 
growth of each organism were those found to be most 
satisfactory for actinomycin production on the basis of 
preliminary experiments. 


1. Soya peptone-glucose medium 


Soya peptone, 20 g 
Glucose, 10 g¢ 
Tap water, 1000 ml 
pH, 7.4 to 7.6 
a. Streptomyces strain 3720 
b. Streptomyces strain 3686 


bo 
= 


utrient galactose medium 


Beef extract, 3 g 
Peptone, 5 g 
NaCl, 5g 
Galactose, 10 g 
Tap water, 1000 ml 
pH, 7.4 to 7.6 
a. Streptomyces strain 3720 


3. Starch-tryptone medium 


Starch, 5 g 
Tryptone, 10 g 
KsHPO,, 2 g 


AND 


KE. KATZ [Vou. 5 
NaCl, 2 g 
Tap water, 1000 ml 
pH, 7.4 to 7.6 

a. Slreptomyces strain 3720 


Soybean meal medium 


Soybean meal, 10 g 
Glucose, 10 ¢ 
Tap water, 1000 ml 
pH, 7.4 to 7.6 
a. Streptomyces strain 372 
) 


nk 181 
fa” 
b. Streptomyces strain 3724 


Gralactose-glutamic acid-mineral salts medium 


Galactose, 10 ¢ 
Glutamic acid, 2 g 
MgSO,4-7H2O, 25 mg 
FreSO,4-7H2O, 25 mg 
ZuSO,-7H2O, 25 mg 
CaCl.-2H.O, 25 mg 
Distilled water, 1000 ml 
pH, 7.2 to 7.3 


. Streptomyces strain 3720 


~ 


Same medium was used with threonine, 1.62 g 
per L; L-asparagine, 0.9 g per L; glycine, 1.0 g 
per L; L-histidine, 0.95 g per L; L-proline 1.56 ¢ 
per L or pi-alanine 1.22 g per L as sole nitrogen 


source. 


. Streptomyces strain 3686 

c. Streptomyces strain 3723 

Same medium was used with glycine, 1.0 g per L; 
L-histidine, 0.95 g per L; L-threonine, 1.62 g per 
L; or L-arginine, 0.6 g per L as sole nitrogen 
source, 


jos 


. Streptomyces strain 3724 
Same medium but using proline, 1.56 g per L as 
nitrogen source. 


Glycerol-nitrate medium (Modified Brockmann’s me- 
dium) 

Glycerol, 20 ml 

KNOs:, 10 g 

K»-HPO,, 5 g 

NaCl, 5 £ 

MgSO,-7H.O, 5 g 

FeSO,-7H2O, 10 mg 

Casein hydrolyzate (vitamin-free) 1 g 

Distilled water, 1000 ml 

pH, 7.2 


. Streptomyces strain 3657 


Same medium was used with glycine, 5 g per L 
as nitrogen source. 


_ 


. Streptomyces strain 3723 


— 


‘sed the above medium with KNQOs or glycine, 
5 g per L, omitting the casein hydrolyzate. 
The above media were distributed in 100-ml aliquots 
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in 250-ml Erlenmeyer flasks. Sterilization was for 15 
min at 121 C, 15-lb pressure. Galactose was sterilized 
separately and was added to the chemically defined 
media just prior to inoculation. 

Assay method. The assay procedure for actinomycin 
was a modification of the filter paper disk method of 
Loo et al. (1945). Assay agar consisted of Bacto pep- 
tone, 5.0 g; beef extract, 3.0 g; NaCl, 5.0 g; cerelose, 
10 g; agar, 15 g; tap water, 1000 ml; pH 7.0 to 7.2 
after sterilization. 

According to the data of Pugh ef al. (1956), actino- 
mycin A, B, C, 
Actinomycin X also has activity similar to actinomy- 


and D show comparable activities. 


cin D. Because adequate supplies of actinomycin D 
were available while only small amounts of the other 
actinomycins were available, and since their activities 
against gram positive organisms were all similar, ac- 
tinomycin D was chosen as the standard. 

For preparation of a standard stock solution, a 
weighed sample of crystalline actinomycin D was dis- 
solved in sufficient ethanol or acetone to obtain a con- 
centration of 500 ug per ml. For working standards, 
dilutions of the stock solution were made with Soren- 
son’s phosphate buffer solution, pH 7.0. Broth samples 
to be assayed also were diluted with this buffer solu- 
tion. 

A spore suspension of Bacillus subtilis strain ATCC 
6633 was used for testing the antibiotic activity of 
culture filtrates. Assay plates were incubated for 18 hr 
at 28 C, 

Extraction of actinomycin. At daily intervals, unless 
otherwise specified, five 100-ml aliquots of culture 
medium were collected, pooled and the actinomycin 
in the broth and mycelium extracted with two succes- 
sive butanol treatments (20 per cent, 10 per cent by 
volume). The butanol extracts were combined, trans- 
ferred to an evaporating dish and the butanol removed 
by evaporation on a steam bath. The actinomycin resi- 
due was recovered in a small volume of acetone and 
this acetone solution was then used for circular paper 
chromatography. If necessary the crude actinomycin 
could be stored in the dry state in the dark at room 
temperature. 

Circular paper chromatography for separation of ac- 
linomycin complexes. The circular paper chromato- 
graphic technique of Gregory ef al. (1955) was most 
satisfactory for a rapid and convenient means of sepa- 
rating the components in an actinomycin complex. 

The solvent system for the separation of actinomy- 
cin A, B, and X consisted of equal volumes of a 10 per 
cent aqueous solution of sodium ortho-cresotinate and 
a’ mixture of two parts of ethyl acetate to one part 
n-butyl ether. For the separation of actinomycin C, a 
ratio of ethyl acetate-n-butyl ether of 1:1 or 4:3 was 
necessary. 

A filter paper disk (Whatman #2, 15-cm diameter) 
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was impregnated by dipping it in the aqueous phase of 
the solvent system and the excess moisture was re- 
moved by blotting between several fresh filter papers. 
Kach actinomycin sample, dissolved in acetone, was 
applied to a small circle previously drawn around the 
center of the filter paper. A thin cotton wick was 
inserted through the center of the filter paper, which 
was then placed upon an open Petri dish (14-cm diam- 
eter) containing the organic phase of the solvent sys- 
tem, and covered with a large watch glass. The chro- 
matogram was allowed to develop until the outer 
actinomycin zone was close to the glass rim. The de- 
veloped chromatograms were removed from the dish 
and allowed to air-dry in a hood. 

All the samples were chromatographed in duplicate 
and at the same time standard preparations of actino- 
mycin A, B, C, or X were run for identification and 
comparison. 

lor reference purposes, the compositions of various 
actinomycins as revealed by earlier investigations are 
presented in table 1. 

Method of component analysis. The individual com- 
ponents of an actinomycin sample, visible as yellow 
bands on a chromatogram, were cut out, placed in 
test tubes and the actinomycin on the paper strip was 
eluted with a known volume of acetone-water (9:1). 
The optical density of the eluate was determined by 
means of a Beckman spectrophotometer (Model DU) 
at 440 my. The percentage of each component in an 
actinomycin mixture was determined by dividing the 
optical density value of a component by the sum of 
the optical densities of all components in a complex 
and then multiplying by 100. The average of duplicate 
determinations was employed throughout to plot the 
graphs presented in this paper. 


LESULTS 


Streptomcyes strain 3720. During growth on a soya 
I y ee 4 

peptone-glucose medium Sfrepfomyces strain 3720 pro- 
duced the B type complex after 2 to 3 days’ incubation; 


TABLE 1. Percentage composition of various actinomycins from 
circular paper chromatography* 


Com] yonentst 


Actinomycin “ See roe 2 eee 





Complex 3 II A III IV Ee VI 
1 2 3 

X type 4.9 | trace | trace | 11.5 | 84.6 | trace 

B type 9.5 | trace | trace | 28.1 | 59.3 | 3.1 

A type 6.6 | 2.9 trace | 66.7 | 23.8 | trace 
Ci C, C; 

C type 10.3 18.3 41.4 


* Gregory et al. (1955); Roussos and Vining (1956). 

+ Arabie numbers refer to nomenclature used by Goss et al. 
(1956); roman numerals refer to nomenclature used by Roussos 
and Vining (1956). 
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Fic. 1. Relative percentages of the components in the 
actinomyein B-A complex produced by Streptomyces strain 
3720 in soya peptone-glucose medium. The dashed line (1) 
represents component 1, the dot-dashed line (2) represents 
component 2 and the solid line (3) represents component 3. 
thereafter a gradual transition took place and by 5 
days the actinomycin complex formed was definitely 
of the A type (figure 1). Similar results were obtained 
in three separate studies. On two occasions the peak of 
activity was approximately 35 to 40 ug per ml; in the 
third case a peak of 85 ug per ml was attained. In all 
three experiments the shift from the B to the A type 
began during the late stages of production and was 
completed about the time the peak of production oc- 
curred. 

The synthesis of first the B and then the A type 
complex also occurred during growth on = galactose- 
glutamic acid medium. However, in relation to the time 
at which maximum antibiotic vield is attainable the 
change from the B to the A type occurred earlier in the 
case of growth on the galactose-glutamic acid medium 
than in the case of growth on a soya peptone-glucose 
medium. Maximum yields of 80 to 120 ug of actino- 
mycin per ml were obtained in this medium. 

Following these initial studies a number of additional 
media were screened for their effects upon production 
of actinomycin by Streptomyces strain 3720. It was 
found that optimum yields of 100 to 160 yg of actino- 
mycin per ml could be obtained on nutrient-galactose 
medium. The actinomycin produced during growth of 
the culture was mainly of the B type (figure 2). In the 
early stages of production, the relative percentages of 
the three components of actinomycin B were 1:8 to 
10, 2:22 to 26,-and 3:64 to 70 per cent; thereafter a 
decrease in the rate of synthesis of the third compo- 
nent and an increase in the proportion of the second 
component occurred. At the peak of actinomycin 
activity, 160 ug per ml, the percentages of the com- 
ponents were 1:9, 2:34 and 3:57 per cent. 

A starch-tryptone medium was also suitable for ac- 
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ACTINOMYCIN CONCENTRATION, pg / mi. 


Fig. 2. Relative percentages of the components in the 
actinomycin B-A complex produced by Streptomyces strain 
3720 in galactose nutrient broth. The dashed line (1) represents 
component 1, the dot-dashed line (2) represents component 2 
and the solid line (3) represents component 3 


tinomycin production. The maximum level of antibi- 
otic activity, occurring generally after 3 to 5 days’ 
incubation of the culture, was approximately 20 to 40 
ug per ml. In two separate studies, only the A type 
complex was formed. In the first of these experiments, 
the synthesis of equal amounts of the second and third 
components (1:14, 2:45, 3:45 per cent) took place 
after 3 days’ incubation; after 5 days’ incubation the 
percentages of the components were more typical of 
an actinomycin A complex (1:15, 2:61, 3:24 per cent). 
In the second experiment the actinomycin formed was 
of the actinomycin A type throughout the production 
period; the percentages of the components being 1:22 
to 26, 2:53 to 63 and 3:16 to 21 per cent. 

Since these results were obtained primarily during 
growth on complex organic constituents, it became 
desirable to investigate this process with the use 
of chemically defined media in which individual amino 
acids could be supplied as nitrogen source. 

In a typical experiment threonine was substituted 
for glutamic acid in the chemically defined medium. 
The peak of activity, 90 wg or actinomycin per mil, was 
reached after 10 days’ incubation. Determination of 
the composition of the actinomycin complex revealed 
that actinomycin B was formed during the entire pro- 
duction period (table 2). On the basis of preliminary 
data, actinomycin B was also produced when L-as- 
paragine, glycine, L-histidine, L-proline, or pi-alanine 
served as sole nitrogen source. 

Streptomyces strain 3657. This organism was first 
grown on a glycerol-K.NO; medium in which actino- 
mycin C was produced and a peak activity of 100 ug 
per ml was reached on the seventh day of incubation 


> 


(figure 3). During the first two days of production, 


component C; represented 47 and component C2, 42 
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Tasik 2. Effect of threonine on the formation of the actinomycin 
complex by Streptomyces strain 3720 


Percentage of 


Actinomycin Component 

















1. Type of 
rime pH Activity Complex 
1 2 3 
day pg/ml 
{ 6.7 5 4.30: | 3.3 | 62.2 B 
i) 6.7 22 9.3 | 33.9 | 56.8 B 
7 6.7 64 8.7 | 34.2 | 57.1 B 
10 6.7 90 8.3 | 40.7 | 51.0 B 
12 6.9 SS O53") 3007 | SEI B 
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DAYS INCUBATION 


28 1? 41 60 86 84 100 94 92 74 
ACTINOMYCIN CONCENTRATION, yg / mi. 


Fig. 38. Relative percentages of the components in the 
actinomycin © complex produced by Streptomyces strain 3657 
in glyvecerol-NO, medium. The dashed line (1) represents C, 
component, the dot-dashed line (2) represents Cs component, 
and the solid line (3) represents C; component. 


to 45 per cent of the complex synthesized. On the third 
day the percentage of component C. was 51 and of 
component Cs, 38 per cent of the total. From then 
until the tenth day when the experiment was termi- 
nated, the level of the components remained nearly 
constant; component C, representing 47 to 51 and com- 
ponent Cy, 37 to 42 per cent of the complex formed. 

In a second study the organism was grown in the 
same medium with glycine as nitrogen source. Actino- 
mycin production once more reached a level of 100 yg 
per ml after 8 days’ incubation of the culture. Although 
the same components were present, the C, component 
remained the major one in the actinomycin complex 
(figure 4). During the first two days of production the 
C; component represented 62 to 66 and the C. com- 
ponent, 28 to 34 per cent of the complex. A. slight 
increase in synthesis of C» relative to C, component 
then occurred, but from the fourth until the tenth day 
of incubation the percentage of the components present 
remained at the following levels: component C,, 6 to 7; 
component Cs, 40 to 44; component C3, 49 to 53 per 
cent. Similar results were obtained in a duplicate ex- 
periment. 

Streptomyces strain 3723. Varlier studies had shown 
that this culture produced the actinomycin B complex 
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during growth in complex media. lor example, in a 
soybean meal medium in which 35 to 40 ug of actino- 
mycin per ml was produced, the actinomycin formed 
was of the B type (figure 5). This organism now has 
been used for studies with chemically defined media in 
which the nitrogen source could be varied. As shown 
in table 3, the nature of the nitrogen source signifi- 
cantly influenced the type of actinomycin complex 
formed. For example, if histidine, threonine, or argi- 
nine was supplied in the medium, Streplomyces strain 
3723 synthesized an actinomycin B complex. However 
with glycine, the complex was intermediate between a 
B and an A type, and with glutamic acid the complex 
formed was of the A type. 

Streptomyces strain 3686. This strain was initially 
grown in a soya peptone-glucose medium where it 
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Fic. 4. Relative percentages of the components in the 
actinomycin complex produced by Streptomyces strain 3657 
in glycerol-glycine medium. The dashed line (1) represents C, 
component, the dot-dashed line (2) represents C. component, 
and the solid line (3) represents C3; component. 
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Fig. 5. Relative percentages of the components in the 
actinomycin B complex produced by Streptomyces strain 3723 
in soybean meal medium. The dashed line (1) represents com- 
ponent 1, the dot-dashed line (2) represents component 2, 
and the solid line (3) represents component 8. 
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actinomycin A complex produced by Streptomyces strain 3686 
in galactose-glutamic acid medium. The dashed line (1) repre 
sents component 1, the dot-dashed line (2) represents com 
ponent 2, and the solid line (3) represents component 3. 


produced a peak antibiotic activity of 100 ug per ml 
on the fourth day of incubation. This organism formed 
only the A type complex during growth in this medium. 
Similar results (figure 6) were obtained when the or- 
ganism was cultivated in galactose-glutamic acid me- 
dium. The maximum titer, 104 wg per ml, was reached 
on the thirteenth day of incubation. Thus, under the 
growth conditions employed, Streptomyces strain 3686 
produced only the A type complex. This does not elimi- 
nate the possibility, however, that a variation in the 
nature of the actinomycin complex formed could occur 
under still other environmental conditions. 
Streptomyces strain 3724. Streptomyces strain 3724, 
an actinomycin X producer, was first grown in a soy- 
bean meal medium, producing an antibiotic titer of 53 
ug per ml on the fifth day of incubation. The data 
showed that this culture synthesized only the X type 
complex in this medium. Comparable results were ob- 
tained when the organism was grown in a galactose- 
Maximum 


proline-mineral salts medium (figure 7). 
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Fic. 7. Relative percentages of the components in the 
actinomycin X complex produced by Streptomyces strain 3724 
in galactose-proline medium. The dashed line (1) represents 
component 1, the dot-dashed line (2) represents component 


2, and the solid line (3) represents component 3. 


antibiotic activity, 96 we per ml, was reached after 12 
days’ incubation of the culture. In the soybean meal 
medium, the percentages of the components when 
maximum antibiotic titer was attained were 1:9, 2:1], 
3:80 per cent; in the galactose-proline medium, 1:8, 
2:18, 3:74 per cent. Thus, under the conditions em- 
ployed, this organism produced only the X type com- 
plex. 


DISCUSSION 


The foregoing investigation was carried out to deter- 
mine whether the composition of the actinomycin com- 
plex formed by certain S/reptomyces would change 
significantly during growth of these cultures in a given 
medium. Goss ef al. (1956) had reported recently such 
changes in a study with an actinomycin-producing or- 
ganism, Streptomyces strain 3720. The results now 
obtained confirm that the nature of the actinomycin 
complexes can shift in the course of cultural growth 
in a medium, and furthermore that, in the case of 
strains, the type of actinomycin complex 
formed can differ in different media. 

These observations are not the first to demonstrate 


several 


changes in the nature of the actinomycin complex 
formed in the course of the growth of a Streptomyces 
culture. Brockmann ef al. (1953) and Brockmann and 
Pfennig (1953) also observed that the nitrogen source 
supplied to certain actinomycin-producing organisms 
quantitatively influenced the synthesis of the compo- 
nents in the actinomycin complex. or example, S/rep- 
tomyces chrysomallus, when grown in a medium with 
NaNO, formed an actinomycin C mixture which con- 
tained more C2 than C; component, if glycine replaced 
the NaNOs, there were equal amounts of actinomycin 
C. and C;. However, in none of these earlier studies 
did a variation of cultural conditions cause a minor 
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component to become a major one, as the findings in 
the present investigation reveal. 

Additional studies are required to elucidate the ac- 
tual nature of the factors responsible for the changes 
in actinomycin Complexes observed in growing Strepto- 
myces cultures. It is conceivable that both environ- 
mental and inherent factors are involved. Differences 
in nutrients supplied or the gradually changing cultural 
environment, such as changes in pH, formation of 
waste products, intermediates or metabolites, exhaus- 
tion Of nutrients, and so forth, may influence the 
physiologic activities of the organism. Such changes 
also may be responsible in some way for the selection 
of specific genetic cell types with different synthetic 
abilities. Finally, although the mechanisms responsible 
for the observed changes are assumed to reside pri- 
marily in differential synthetic abilities of the culture 
during different periods of cultivation, the additional 
involvement of a selective degradation of already 
formed specific components can not be ruled out. These 
alternate hypotheses are now being tested experimen- 
tally. 

Other antibiotic-producing organisms are also capa- 
ble of synthesizing more than a single antibiotic sub- 
stance during growth in a given medium. For example, 
Streptomyces griseus produces not only streptomycin 
(Schatz ef al., 1944) but mannisidostreptomycin (Fried 
and Titus, 1947) and actidione (Whiffen ef al., 1946; 
Whiffen, 1948) as well. Penteillium notatum forms a 
number of penicillins in varying proportions (Clarke 
eal., 1948; Florey ef al., 1949) and Bacillus brevis, 
gramicidin and tyrocidine (Hotchkiss and Dubos, 
1940). In some instances, as with streptomyein (You- 
mans and Fisher, 1949; Brink and Folkers, 1949) and 
actidione (Leach ef al., 1947; Whiffen, 1948; Leach and 
Ford, 1948; Kornfeld ef al., 1949), these antibiotics are 
quite dissimilar chemically and biologically; in a num- 
ber of cases, however, the antibiotics produced by a 
particular organism are very closely related in chemi- 
cal structure and biological activity. The penicillins 
(Clarke et al., 1948; Florey et al., 1949), polymyxins 
(Long ef al., 1949; Craig, 1955), bacitracins (Craig, 
1955), and actinomycins (Pugh ef al., 1956; Roussos 
and Vining, 1956) represent examples of families of 
highly similar substances. In such cases, the difference 
between related antibiotics may be the presence of a 
different amino acid or the number of molecules of an 
amino acid in a peptide chain. Such similarity of struc- 
ture suggests that the organisms employ essentially 
the same enzyme systems for their synthesis. Observed 
differences between substances formed may be due, 
therefore, to one or at the most a few distinct enzy- 
matic reactions. 

Detailed investigations of the formation of these 
antibiotic complexes have rarely been attempted; it 
Was not even realized that many of these antibiotics 
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represent a number of substances rather than single 
entities. It has required the techniques of countercur- 
rent distribution and chromatography to bring about 
a separation of such complexes as the polymyxins, 
actinomycins, bacitracins, nisins, and streptothricins, 
(Craig, 1955; Schaffner, 1956, personal communica- 
tion). Such investigations are revealing only now the 
multiple nature of these antibiotics. Generally, one 
substance represents the major component formed by 
an organism in such an antibiotic complex. The en- 
vironmental and cultural conditions normally employed 
may favor one series of enzymatic reactions and thus 
result in greater synthesis of one rather than another 
component. This may not hold true under different 
conditions, however. Conceivably, through a modifica- 
tion of conditions such as pH, nature of medium or 
specific nutrients supplied, period of incubation, strain 
of organism employed, age of inoculum, and so forth, 
one might be able to influence the enzymatic appara- 
tus sufficiently to alter the synthetic abilities of an 
crganism and thereby change the proportions of the 
components formed in an antibiotic complex. Also, by 
the addition of suitable compounds to the medium, 
one might possibly bring about the formation of to- 
tally new substances related to an antibiotic family, 
as Observed in the case of the penicillins (Clarke ef al., 
1948). It is suggested that much fruitful research could 
be derived from further investigations regarding these 
heretofore inadequately studied phases of antibiotic 
formation. 
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SUMMARY 


In a study of actinomycin complex formation by five 
Streptomyces cultures, significant changes in the com- 
position of the actinomycin complexes produced oc- 
curred in the course of the growth of three of the 
organisms. These changes took place both as the result 
of prolonged incubation of the cultures and as the re- 
sult of the presence of specific nutrients in the medium. 
To explain these observations, it has been suggested 
that the nutrients or the gradually changing cultural 
environment might influence the physiologic activities 
of the organism involved in actinomycin synthesis, or 
they may be responsible in some way for the selection 
of genetically distinet types differing in synthetic abil- 
ities. Selective degradation of already formed compo- 
nents in an actinomycin complex may play a secondary 
role. 
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The general appearance of certain Azotobacter cul- 
tures When viewed under an ultraviolet lamp has been 
suggested as a suitable method of distinguishing spe- 
cies (Johnstone, 1955). In addition, pH fluorescence 
eurves of the crude culture filtrates of Azotobacter have 
shown differences which might also be of taxonomic 
significance in distinguishing the species involved 
(Johnstone and Fishbein, 1956). 

After using the human eye to distinguish one species 
from another under the excitation of ultraviolet light, 
it becomes apparent that, in order to properly charac- 
terize a color, an instrument might be more critical. 
A method of analytically distinguishing the different 
colors emitted after excitation by ultraviolet light 
would be most desirable. A fluorimeter was obtained 
for this purpose from the Photovolt Corporation, and 
with a tube adapter and special filters a procedure has 
been formulated for this and other purposes. 


MATERIALS AND METHODS 


Materials 


Microorganisms. The microorganisms used for illus- 
tration in this article are strains of three species of 
Azotobacter; namely, Azotobacter vinelandii, strains 3A 
and 6 isolated in this laboratory from local field soil 
and strain ATCC 9046; 
and 135 isolated in this laboratory from = strawboard 


Azotobacter agile, strains 132 


waste water (Johnstone, /n press) and strain 9 sent to 
us by Prof. R. L. 
Brunswick, N. J.; 
sp., strains O, [, 


Starkey, Rutgers University, New 
and Azotobacter macrocytogenes Nn. 
and M, isolated and sent to us by 
Prof. H. L. Jensen of Lyngby, Denmark. 

The substrates in which the microorganisms were 
grown were Burk’s glucose broth and Burk’s glucose 
agar containing 2 per cent glucose. 

Fluorimeter. The fluorescence meter employed was 
model 402-EF the Photovolt 
and was supplied with a special sample tube adapter 
in lieu of the usual cuvette holder (figure 1). The ultra- 


made by Corporation” 


violet light source was a mercury lamp which furnished 
light that passed through a primary filter with an ex- 


‘This study was partially supported by a grant from the 
National Science Foundation. Contribution from the Vermont 
Agricultural Experiment Station, Journal No. 66. 

* Photovolt Corporation, New York, New York. 
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Fic. 1. Fluorescence meter (Photovolt Corp.. Model 402 
EF) with test tube adapter in lieu of cuvette holder. 


citing wave length of 365 mu. This filter is one usually 
employed in making vitamin B, determinations. The 
pairs of secondary filters, placed between the sample 
and the photocells, were of three different colors: (1) 
Blue— made of Corning glass* no. 3389 and 4308 usu- 
ally employed in vitamin B, determinations. (2) Yel- 
low-- made of Corning glass no. 3846 and employed in 
vitamin By determinations. (3) Green—special filter for 
this purpose, Eastman Kodak Wratten filter? no. 66. 
These secondary filters were selected because of the 
color of fluorescence. Should other colors of fluorescence 
be studied, additional filters may be employed in char- 
acterizing the color of fluorescence. 


Methods 


In order to 
compare one sample of a fluorescent material with an- 


Measuring the strength of fluorescence. 


other of the same or different material, it is essential 
to have the pH of the samples adjusted to the same 
reaction. This is accomplished by using a buffer. In 
these experiments a N/100 phosphate buffer adjusted 
3’ Corning Glass Works, Corning, New York. 
* Eastman Kodak, Rochester, New York. 
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to pH 7.3 was employed. An amount from 0.1 to 0.5 
ml of the culture filtrate is made to 10-ml volume with 
buffer in a 22-mm glass test tube for fluorescence 
measurement. The tubes are placed in boiling water 
for 2 min, cooled to room temperature and read in the 
fluorescence meter using one pair of the secondary fil- 
ters. For routine fluorescence checks and pH _ fluores- 
cence curves for Azotobacter, the blue filters are used. 
The instrument is adjusted to read 100 on a linear 
scale with a quinine standard (1 mg quinine sulfate 
per L of 0.1 N H.SO,). The buffer alone is used to set 
the zero reading on the same scale. 

pH fluorescence curves. The use of pH fluorescence 
curves has been uscful in characterizing fluorescent 
substances of plant origin (Goodwin ef al., 1951), and 
was recently extended to the separation of bacterial 
species on the basis of the water-soluble fluorescent 
substances elaborated by the latter (Johnstone and 
Fishbein, 1956). Normally, a series of buffer solutions 
is prepared for each pH reaction over a large range. A 
small amount of the fluorescent solution is added to 
buffer in a proportion that will provide sufficient fluo- 
rescence for measurement on the adjusted fluorescence 
meter. As the buffer composition and the pH influence 
the strength of fluorescence, it is essential to use the 
same buffer solutions in comparing two fluorescent 
substances at any given pH. 

Analytically distinguishing the color of fluorescence. If 
the strength of fluorescence of a given sample is meas- 
ured by using three sets of secondary filters of different 
wave lengths, it is possible to characterize the color of 
fluorescence. Usually the instrument is adjusted so that 
the filter combination giving the highest reading is on 
the upper end of the scale. Then, the subsequent read- 
ings with the other two secondary filter combinations 
will also fall on the scale without further adjustment. 
In this manner three different figures representing 
strength in per cent are obtained for a given fluorescent 
material. A substance that shows a different color of 
fluorescence will have a different combination of figures. 


RESULTS 

One of the first observations that was made of the 
fluorescent culture filtrates of Azotobacter with the fluo- 
rescence meters was the increase in the strength of 
fluorescence over a period of time following introduc- 
tion of the buffer. The fluorescence increased steadily 
for several hours before leveling off. It was assumed 
that this might be due to a reaction between either the 
fluorescent material or something else in the culture 
filtrate and the buffer. Hence, heat was applied to 
speed the reaction. The maximum amount of fluores- 
cence obtainable was reached after the tubes contain- 
ing the mixture were placed in a boiling water bath 
for 2 min. Thus, several hours are saved in making the 
determinations. As figure 2 shows, the maximum fluo- 
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rescence is the same whether the tubes are allowed to 
stand at room temperature or whether heat is applied, 
Figure 3 illustrates a practical use for fluorescence 
measurements in bacterial cultures. It shows the 
strength of fluorescence, recorded in per cent, observed 
in a 14-day aerated fermentation of Azotobacter agit 
strain 132. The daily sample with the greatest fluores. 
cence was set arbitrarily at 100, and the other daily 
samples are plotted in relative per cent. By way of 
interest, each daily sample was divided in half. One 
half was mixed with buffer and allowed to stand until 
the increase of fluorescence reached a point where jt 
did not increase further. The other half was mixed 
with buffer and subjected to the boiling water heat 
treatment, cooled and measured. As can be seen, the 
results are approximately the same whether heat is 
applied or whether the tubes are read after standing 
at room temperature. Fluorescence determinations offer 
an additional aid in measuring growth of Azotobacter. 
The results of pH fluorescence curves are useful in 
distinguishing one material from another. Such a sepa- 
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ration, shown in figure 4, can be made with the crude 
eulture filtrates of two typical fluorescent bacteria, A 
agile and A. vinelandii. 

The examination of culture filtrates from three dif- 
ferent species of Azotobacter illustrates the ability of 
the fluorescence meter to distinguish and characterize 
these fluorescent substances of bacterial origin. This is 
especially true of those that differ in the fluorescing 
color when excited by ultraviolet light. By adjusting 
the samples at pH 7.5 to read 35 per cent fluorescence 
with the blue secondary filters, the use of other second- 
ary filters, especially the yellow filters, shows a differ- 
ence in the character of the light emitted by all samples 
from each of the three species (table 1). It might be 
added that when the samples are observed visually 
under ultraviolet light of 3600 A, the material from 
A. agile and A. macrocytogenes appears to fluoresce 
white, whereas the material from A. vinelandii fluo- 
resces green. This holds true regardless of the color of 
the water-soluble pigment observed in ordinary day- 
light. For example, all cultures can be grown in such a 
manner as to produce no visible pigment, a yellowish 
pigment, or a red-brown pigment. The fluorescent color 
appears to be independent of these other pigments. 
Hence, it is possible to separate A. agile and A. macro- 
cytogenes from A. vinelandii on the basis of their ap- 
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Fic. 4 Typical pH fluorescence curves for Azotobacter agile 
and Azotobacter vinelandii. 


TaBLE 1. Comparison of the fluorometric analysis of three 
species of Azotobacter by the use of secondary filters of 
different wave length 


Secondary Filters 
Species and Strains 


Blue Yellow Green 

; % Z % % 
Azotobacter vinelandii, 3A 35 | 50 | 38 
A. vinelandii, 6. 35 46 39 
A. vinelandii, ATCC 9046. 35 | 54 47 
Azotobacter agile, 132.. 35 87 45 
A, agile, 135. 35 | 83 52 
A. agile, 9. 35 =| 90 39 
Azotobacter macrocytogenes nsp., I 35 | 30 55 
A. macrocytogenes n.sp., O 35 | 25 50 
A, macrocytogenes n.sp., M.. 35 


28 52 


All samples were adjusted at pH 7.3 to read 35 per cent 
with the blue secondary filters. 


pearance in culture under ultraviolet light, but it 
necessitates the use of a fluorescence meter to distin- 
guish A. agile from A. macrocytogenes on the basis of 
fluorescence. 


DISCUSSION 


The quenching influence of dissolved oxygen is en- 
countered by those concerned with pH fluorescence 
curves. Kavanagh (1952) has pointed out that unless 
quenching by oxygen is very large, it is more conven- 
ient to obtain maximum quenching by saturating the 
solution with air than to remove all dissolved oxygen. 
It was considered possible that the boiling procedure 
followed here might be driving off dissolved oxygen 
and hence increasing the apparent fluorescence. It ap- 
pears, however, that if a boiled sample is later sub- 
jected to forced aeration only a small amount of 
quenching can be obtained. The quenching influence 
of iron in the medium has been reported previously 
(Johnstone and Fishbein, 1956) to eliminate or reduce 
fluorescence in cultures. 

Kavanagh (1952) also mentions that the pH of the 
solution to be examined may affect markedly the color 
of the fluorescent light and indicates a corresponding 
change in the structure of the fluorescing substance. 
It is of interest, therefore, to add here the observation 
that the fluorescence of A. agile changes from white to 
greenish as the pH is increased, and that of A. vine- 
landii changes from green to white or at least loses 
much of its green fluorescence when the reaction is 
raised from pH 2 to pH 9. The stability to heat of the 
fluorescent substances is pronounced as they will with- 
stand autoclaving, but are completely altered at any 
pH by exposure to sunlight. 

A note of interest might be added in connection with 
the use of A. macrocytogenes. It was isolated and first 
reported by Jensen (1955). Until the culture was re- 
ceived here, A. agile was the only species of the A zotobac- 
ter known to fluoresce white. Although Jensen presents 
sufficiently distinguishing characteristics to separate it 
as a new species, the added knowledge concerning its 
fluorescent substance is reported here for interest. 
Jensen labeled his original isolate ‘O” and two 
subsequent strains “I’’ and ‘‘M.”’ They may now be 
obtained from the American Type Culture Collection. 
All three strains, however, fluoresce and in the same 
color as A. agile. They fluoresce considerably better 
when grown on mannitol than on other carbohydrates. 
This is distinctly different from A. agile as it will not 
grow on mannitol. 
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SUMMARY 


Methods employed in the study of the fluorescent 
culture filtrates of Azotobacter are described. The use 
of a fluorescence meter in the characterization of the 
fluorescent substances elaborated by Azotobacter agile, 
Azotobacter vinelandii, and Azotobacter macrocytogenes 
n. sp. is discussed. A. macrocytogenes, a fluorescent 
species, is included with the two previously reported 
fluorescent Azotobacter. Fluorometric analysis is useful 
in characterizing the fluorescent substances of A zoto- 
bacter and may be helpful in the separation and classi- 
fication of the fluorescent strains. 
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The general absence of karyogamy and meiosis in 
asexual molds has prevented deliberate ‘‘breeding”’ 
of these organisms for desirable properties as has been 
done so successfully in crop plants and domestic¢ ani- 
mals. It has necessitated the tedious and time-consum- 
ing process of examining innumerable strains in the 
search for certain desired characteristics. Heterokaryo- 
sis, the presence of genetically unlike nuclei within a 
common cytoplasm, however, affords a possible alter- 
native to hybridization. Among the asexual fungi the 
heterokaryotic state is usually initiated by means of 
hyphal fusions between genetically dissimilar indi- 
viduals, the nuclei of both strains thus becoming inter- 
mingled in a common cytoplasm. The purpose of the 
present investigation was to determine, from a micro- 
biologic viewpoint, the feasibility of employing hetero- 
karvons of Aspergillus in two commercial-type fermen- 
tations, and to ascertain the problems that might be 
attendant upon their usage. 


GENERAL MertHops 


Aspergillus fonsecaeus strain NRRL 67 (hereinafter 
referred to as Stock 67), the strain primarily used in 


This work was done under a contract with the United 
States Department of Agriculture, authorized by the Research 
and Marketing Act, and administered through the Northern 
Utilization Research Branch of the Agricultural Research 
Service. 

2 Present address: Fermentation Section, Northern Utiliza 
tion Research Branch, United States Department of Agri 
culture, Peoria, Illinois. 


this investigation, has no sexual stage and produces 
large, black, multinucleate conidia. Raper and Fennell 
(1953) obtained 11 color mutants from this strain by 
ultraviolet irradiation and then paired these mutants 
in Various combinations to obtain heterokaryons. Heter- 
okaryosis was generally evidenced by the appearance 
of large black heads at the interface of the opposed 
mutant colonies, the color of the wild type being thus 
restored. 

Surface cultures for both citric and gluconic acid 
production consisted of 50-ml portions of media in 300- 
ml Krlenmeyer flasks, inoculated with dry ungermi- 
nated spores. The following method of flask inoculation 
was utilized: filter paper squares, 2 cm by 2 cm, were 
dipped in the medium to be used in the fermentation; 
they were then placed gently upon the spore surface 
of the plate serving as the source of inoculum where 
they became evenly coated with spores; the squares 
were next removed carefully with a platinum loop 
without touching the surface of the agar; and, lastly, 
they were dropped into the fermentation medium, 
whereupon the spores readily floated off the paper 
across the surface of the fluid as a uniform film. This 
technique circumvented the addition of undesired ex- 
cess heavy metals along with the inoculum and _ yet 
provided a sufficient number of spores to insure growth 
over the entire surface of the medium. Submerged cul- 
tures were prepared in a similar manner and, in addi- 
tion, inoculations were made with suspensions of 


pregerminated spores. Submerged cultures were shake 
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on a New Brunswick rotary shaker*® at 300 rpm. All 
cultures were incubated at 30 C unless otherwise indi- 
cated. 

The “B” basal medium developed by Shu and John- 
son for submerged fermentation (1948) was used in 
the initial experiments on the production of citric acid. 
However, this proved to be unsuitable for our strains 
and a new medium for surface production was de- 
veloped. Sucrose was purified by passage through a 
Dowex 50 resin column. Nutrient salts were of C. P. 
grade. Barnstead-demineralized water was used in the 
preparation of this medium (table 2). The media 
utilized for the production of gluconic acid were essen- 
tially those reported by Gastrock et al. (1938). 

Fermentations were harvested by the methods de- 
scribed by Moyer (1953). Citrie acid was determined 
by the method of Saffran and Denstedt (1948), gluconic 
acid by the method of Reiner (1955), and glucose and 
sucrose by the anthrone method. The mycelial mat was 
dried to a constant weight at 90 C. The degree of hetero- 
karyosis was determined by macerating the mats for 
15 sec ina Waring Blendor and plating suitable dilu- 
tions of the homogenate onto steep agar (Czapek’s 
solution agar plus | per cent corn steep liquor-—see 
taper and Thom, 1949). 

Various agents and techniques were tested to deter- 
mine if the frequency of anastomoses between strains 
could be enhanced by increasing the potential fre- 
quency of contact between hyphae. These methods 
included the centrifugation and plating of packed 
heterokaryotic conidia, the exposure of heterokaryons 
to surface active agents, for example, Tween 80 and 
sodium lauryl sulfate, and exposure to auxins, for ex- 
ample, 2,4 dichlorophenoxyacetic acid and 
acetic acid. 


3-indole 


Another approach to the problem of dissociation 
was undertaken by attempting to find a fungicide that 
would inhibit the growth of segregating component 
mutants of a heterokaryon but not the heterokaryon 
itself. The following agents were tested by incorporat- 
ing them in steep agar at varying concentrations: 
triacetin, oligomycin, actidione, Thiram, 4 ethylene- 
bis-dithiocarbamate, and Parzate’, 

Other procedures included the serial transfer of 
heterokaryotic conidia in an attempt to stabilize the 
ratio of the two genetic types of nuclei present in the 
common cytoplasm, and the utilization of a minimal 
medium that would support the growth of the hetero- 
karyon but not the component parents. 


RESULTS 
Isolation of heterokaryons. Nineteen heterokaryons 
Were isolated from 37 paired combinations of the color 
* New Brunswick Scientific Company, New Brunswick, New 


Jersey. 


‘EK. I. du Pont de Nemours & Co., Inc., Wilmington, 
Delaware. 
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mutants of A. fonsecaeus strain NRRL 67. In addition, 
14 heterokaryons were produced and isolated by pair- 
ing 7 color mutants derived from Aspergillus niger 
strain NRRL 2270. These 7 mutants were also paired 
with 10 of the color mutants derived from Stock 67 
and with A. niger strain NRRL 2001. True hetero- 
karyotic heads were not isolated in the latter two cases. 


The Citric Acid Fermentation 

General results in surface culture. The 11 color mu- 
tants derived from Stock 67 and the 19 heterokaryons 
obtained from the pairing of these mutants were tested 
for their ability to produce citric acid. Representative 
data are presented in table 1. It was found that the 
production of citric acid by each of the 19 heterokaryons 
could be fitted into one of three general patterns: 
(1) When two relatively high acid-producing strains 
were paired, the resulting heterokaryon (for example, 
Brown + Fuzzy and Pink + Orange) gave yields that 
were generally lower than those produced by either 
of the two parent strains; (2) If high and low acid- 
producing strains were paired, the resulting hetero- 
karyon produced intermediate yields (for example, 
Brown + Clay and Brown + Cinnamon); (3) When 
two mutants possessing low acid productivity were 
paired, yields by the heterokaryon exceeded those 
produced by either parent (for example, Honey + 
Clay and Honey + Cinnamon). 

The preceding results were obtained by the use of 
the fermentation medium developed by Shu and John- 
son (1948). These patterns were not altered by the use 


TABLE 1. Citric acid production in surface culture by hetero- 
karyons and component mutants of Aspergillus fonsecaeus 
strain NRRL 67 


> Titrat Dry Citric | Citric* 
Final | “able Weight of SUCPS¢ | “Acid | “Acid 
lat 


Organism pH Die Se \c A‘ 
Acidity Yield | Yield 


ml 1N , : i P 

acid : . © ‘ 
Stock 67 2.41 | 36.5 | 0.801 | 4.41 | 1.75 | 39.7 
Brown (Br) 2.53 | 38.1 | 0.883 | 5.68 | 2.20 | 38.7 
Fuzzy (F) 2.72 | 30.0 | 1.017 | 5.83 | 2.35 | 40.4 
Pink (P) 2.59 | 45.3 | 1.021 | 6.40 | 2.47 | 38.6 
Orange (QO) 2.49 | 50.1 | 1.040 | 6.02 | 2.99 | 49.7 
Clay (C) 2.40 | 18.8 | 0.615 | 4.70 | 0.86 | 18.3 
Cinnamon (Ci) 2.45 | 14.0 | 0.529 | 4.73 | 0.61 | 12.9 
Honey (H) 2°58:) 225+) 12088 |.5:62 | 1.23) 2e9 
Br + F 2.48 | 32.0 | 1.073 | 5.55 | 1.82 | 32.8 
P+0.. 2.63 | 43.0 | 1.089 | 5.42 | 2.15 | 32.9 
Br+C.. 2.71 | 38.0 | 1.404 | 5.69 | 1.56 | 27.4 
Br-b Cr... 2.49 | 29.7 | 1.235 | 5.43 | 1.48 | 27.3 
H+ C 5a 2.56 | 34.0 |} 1.306 | 5.44 | 1.82 | 33:3 
oo 2) eee 2.59 | 35.4 | 1.183 | 5.46 | 1.93 | 35.4 


* Yield computed as per cent anhydrous citric acid based on 
the sucrose consumed. 

The medium used in the above fermentations was that de- 
veloped by Shu and Johnson (1948). 

The data represent the average of from 6 to 15 replicate 
flasks. 

Age at harvest: 7 days. 





108 


4 — 
en“) 
~~, 
(fn 
pl 
3 i ; 


CITRIC ACID, GRAMS 
nm 








=— a a a oe 


tt -. = -<- =| ££ * ££ ® 
FERMENTATION TIME, DAYS 





Fic. 1. The production of citric acid in surface culture by 


the heterokaryon Honey + Brown. 
of a medium more favorable 
citric acid by Stock 67. 

Mat analyses. Inocula for the above fermentations 
had been taken from predominantly heterokaryotic 
sectors. The medium used for the fermentations sup- 
pressed sporulation by the mycelial mats, hence it was 
not known whether the mats were completely hetero- 
karyotic or whether they represented a mixture de- 
rived from the heterokaryon by nuclear segregation 
followed by vegetative dissociation and growth. Analy- 


for the production of 


ses of these mats showed that the mutant parents pre- 
dominated over the heterokaryon in all the pairs ana- 
lyzed except Honey + Brown, this latter heterokaryon 


TaBLeE 2. The production of citric acid by the heterokaryon 


Honey + Brown 


in submerged fermentation 


“Te Titrat- Dry . _ | Citric Citric 
Organisms —_ able Weight of a abe Acid | Acid 
Pp Acidity Mycelium) ‘** Yield | Yield 

ml 1N , . = of 

acid S § § c 
Honey 1.62 | 27.9 | 0.981 | 6.85 | 1.70 | 24.8 
Brown 23s 1 22:2 . 1:33 1.0.24 5.5 
Honey + Brown 1.63 | 28.0 | 0.951 | 7.30 | 1.71 | 23.5 
Stock 67 1.69 | 22.4 | 0.862 | 6.17 | 1.40 | 22.7 


* Mats lost in laboratory accident. 

Production medium, amounts per L: sucrose, by analysis, 
165.0 g; KH.PO;, 1.0 g; MgSO,, 0.25 g; NH4NOs, 2.5 g; Cu (as 
CuS0O,), 0.05 mg; Fe (as FeCl;), 5 mg; Zn (as ZnSO,), 0.25 mg; 
H.O, Barnstead demineralized; pH, 2.3 to 2.5. 

The data represent the average of 3 to 5 replicate flasks. 

Age at harvest: 7 days. 
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TABLE 3. Citric acid production in surface culture by a hetero. 
karyon composed of two strains of Aspergillus fonsecaeus 
strain NRRL A-2589-60-1 + Orange 


| Final | Titrat- 


Dry ees | Citric Citric 

Organism | able [Weight of PUSTOSE | Aci 1 | Aci 
| PH acidity | Mat. | Used | yicig | #eid 
ml 1N r re ‘ 

acid g § g ( 
Orange 1.54 | 80.2 | 1.017 | 6.38 | 3.89 | 60.9 
“60-1” ...| 1.39 | 9.6 | 0.527 | 4.03 | 0.26] 6.5 
*60-1"’ + Orange 1.59 | 76.6 | 0.795 | 6.29 | 2.31 | 36.7 
Stock 67 1.60 | 62.9 | 0.925 | 6.22 | 2.10 | 33.8 


Analyses of the mycelial mats revealed a ratio of Orange to 
“60-1” to heterokaryon of 7 to 8 to 2. 

Sucrose available per flask: 6.47 g. 

Age at harvest: 7 days. 


TABLE 4. Citric acid production in surface culture by a mixed 
population of two mutants, M-1 and M-3, derived from Asper 
gillus niger strain NRRL 2270 


we Titrat Dry Citric | Citri 
Final able Weight of Acid Ac id 


‘ Ss » 
Organism . v sey 


PH Acidity | Mat sed | Yield | Yield 

ml 1 N : . a C 

ac id S s 5 ¢ 
M-1 2.40 a.3 | 0.801 | 2:07 | 8.12 5.9 
M-3 1.68 | 67.3 | 1.402 | 6.12 | 2.37 | BS 
M-1 and M-3 1-89 |} 20.1 | 1.198 | 5:20 | 1.07 | D2 
Stock 2270 1.75 | 49.2 | 1.055 | 5:83. | 1.82 | 31.2 


Analyses of the mycelial mats revealed a ratio of M-1 to 
M-3 to heterokaryon of 22 to 0 to 3, respectively. 

Glucose available per flask: 6.40 g. 

Age at harvest: 7 days. 


exhibiting unusual stability. The high degree of dis- 
sociation made the results of the above preliminary 
experiments difficult to interpret. Subsequent experi- 
ments were, for this reason, concentrated on the use 
of the ‘stable heterokaryon” Honey + Brown, in 
which occasional diminutive heads of the two mutants 
could be observed only with a stereoscopic microscope. 

Fermentation by Honey + Brown. The consistently 
greater mat weights produced by the heterokaryons 
indicated that they may have established growth more 
rapidly, hence may have reached a peak of production 
earlier than either of the component mutants. A more 
rapid rate of fermentation would be of potential value 
in an industrial fermentation where both yield and 
time of fermentation assume paramount importance. 
The data (figure 1) indicate that the heterokaryon 
Honey + Brown began production of citric acid more 
rapidly than either Brown or Stock 67 but at the same 
rate as Honey. The four cultures appeared to reach 
their peak of production, however, at approximately 
the same time, 7 days. This heterokaryon did not dis- 
play an advantage over its component mutants whet 
the fermentations were conducted at various tempera: 


tures, or under multiple temperatures (Kovats, 1946). 
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Attempts to isolate a high acid-producing strain of 
the heterokaryon Honey + Brown by single spore 
isolation Were unrewarding. 

In submerged fermentation Honey + Brown pro- 
duced approximately the same yield of citrie acid as 
given by Honey alone (table 2). Yields were lower than 
those obtained in surface culture. 

Heterokaryons composed of different strains of A. 
attempt to introduce potentially 
greater genetic differences into the test organisms, at- 
tention was directed toward heterokaryotic cultures 


fonsecaeus. In an 


produced by pairing mutants derived from two dif- 
ferent strains of A. fonsecaeus. The data presented in 
table 3 for A-2589-60-1 + Orange are representative. 
The heterokaryons gave yields of citric acid that were 
intermediate on both weight and percentage bases 
between those given by their two component mutants. 
niger strain NRRL 
2270. Seven color mutants were induced by ultraviolet 


Fermentation by mutants of A. 


irradiation from strain 2270, a strain producing uni- 
nucleate conidia. One of these mutants, M-1, anasto- 
mosed to an unusual degree with the six other mutants 
as evidenced by a very wide band of black hetero- 
karyotic heads at the interface of the two paired mutant 
colonies. This culture (M-1) was used in a series of 
fermentations utilizing a mixed culture technique. 
Although the fermentation medium generally sup- 
pressed sporulation, occasional black conidial heads 
were observed in surface culture indicating that hyphal 
anastomoses had occurred. In all six fermentations, 
the production of citric acid by the mixed culture was 
intermediate between the yields given by the two 
parents (representative data are presented in table 4). 
The mycelial mats were analyzed by maceration and 
subsequent plating of suitable dilutions of the homoge- 
nates as previously described. These analyses failed to 
show a consistent pattern but in no determination did 
the heterokaryon predominate over the component 
parents. 


TaBLe 5. The production of gluconic acid by the heterokaryon 
Honey + Brown in surface culture 
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TABLE 6. The production of gluconic acid by the heterokaryon 


Honey + Brown in submerged fermentation 


Gluconic Acid 





* No gluconice acid could be detected by the 


Glucose available per flask : 7.67 


Age at harvest 


5 days. 


og 
£. 


Gluconic Acid 


Glu- | Yield Based on 
. Final Dry Glucose | COMIC 
Organism H Weight “a A Acid 
P of Mat = Pro- |... Glucose 
Glucose Te 
duced ‘ avail 
used 
able 
g g g % % 
Honey 5-21 }0:339. | 2:01 . 
Brown 4.03 | 0.433 | 6.29 | 5.04 | 73.7 | 60.5 
Honey + Brown 3.63 | 0.262 | 5.95 | 5.62 | 86.8 | 67.3 
Stock 67 3.29 | 0.385 | 7.20 | 7.32 | 93.1 | 87.9 


analysis util 


ized. Analyses of the heterokaryotie mats revealed a ratio of 
Honey to Brown to heterokaryon of 2 to 1 to 33, respectively. 


Dry — Yield Based on 
oe . or Cc 
Organism — Weight — Acid ae EASTER 
P of Mat a Pro- Glacose |Glucose 
duced |” a | avail- 
= able 
| g g g % | 
Honey). os 3.85 | 0.276 | 5.41 | 4.75 | 80.7 | 56.9 
Brown (aa ed sal Sopenp O25) 7.16) 6.79 | S74 | SiS 
Honey + Brown....| 3.45 | 0.238 | 7.10 | 6.44 | 83.5 | 77.3 
StOCW OR foc caries | 3.36 | 0.293 | 7.30 | 6.91 | 87.2 


83.0 


Analyses of the heterokaryotic mats revealed a ratio of 
Honey to Brown to heterokaryon of 1 to 0 to 36, respectively. 

Glucose available per flask : 7.67 g. 

Age at harvest: 5 days. 
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Fic. 2. Conversion of glucose to gluconic acid in submerged 
fermentation by the heterokarvon Honey + Brown. 


The Gluconic Acid Fermentation 

Only representative heterokaryons formed from 
paired color mutants of A. fonsecaeus strain NRRL 67 
were tested in order to compare the general pattern 
of results with that obtained from the citric acid fer- 
mentation. 

Surface fermentation. The heterokaryons usually 
produced more gluconic acid than their component 
mutant parents in surface culture but never exceeded 
the yields given by Stock 67. Table 5 presents repre- 
sentative data. 
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Submerged fermentation. In submerged culture the 
results given by the heterokaryons resembled those 
obtained in the citric acid fermentation, that is, the 
heterokaryons gave yields intermediate or lower than 
those given by the component mutants (table 6). 

Consumption of glucose. The rate of consumption of 
glucose by the heterokarvon Honey + Brown was 
followed in submerged cultures, the amount being 
taken as an index of the rate of production of gluconic 
acid. Stock 67 showed less lag in initiating utilization 
of glucose than did the mutants derived from it or 
the heterokaryon composed of these mutants. How- 
ever, once fermentation Was initiated, Stock 67, Brown, 
and the heterokaryon showed about the same rate of 
glucose consumption (figure 2). 


Enhancement of Heterokaryosis 


Attempts to enhance the degree of heterokaryosis 
of a culture by various means, for example, treatment 
with auxins, surface active agents, centrifugation and 
plating of packed heterokaryotic conidia, and_ serial 
transfer of heterokaryotic conidia, were unsuccessful. 
Furthermore, attempts to eliminate or prevent the 
components from segregating were unsuccessful either 
through the use of selective fungicidal agents or the 
use of minimal media, which would support growth of 
the heterokaryon but not that of either parent. 


DISCUSSION 


The data obtained in the present investigation indi- 
eate that “heterokaryotic vigor” is usually expressed 
by an increase in the growth of a culture at the expense 
of desired metabolic end products, for example, citric 
and gluconic acids. However, these data also indicate 
a potential use of heterokaryons. If a culture used 
in an industrial process is slow in establishing growth 
and commencing fermentation, it could profitably be 
heterokaryotized with a culture having the charac- 
teristics of rapid growth. Both desired characteristics, 
that is, rapid growth and good production, could thus 
conceivably be combined into a_ single mycelium. 
Failure in the present investigation to confirm hetero- 
karyosis as a means of increasing productivity of either 
citric or gluconic acid is not believed to preclude the 
advantageous application of the phenomenon in other 
fermentations. Conceivably, it might be of real value 
where the product yield of a fermentation is low, since 
it has been demonstrated that increased productivity 
can result from the pairing of two low-acid yielding 
strains. Additionally, microorganisms producing low 
percentage yields of some desired product might provide 
much better material for evaluating heterokaryosis as a 
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possible means of enhancing fermentative product 
yields than did the cultures and products studied jy 
the present investigation, cultures already capable of 
very substantial percentage yields of the two acids 
investigated. Possibly the most promising use of hetero- 
karyons lies in their incorporation into diploids (Roper, 
1952). This would shift the site of interaction from the 
cytoplasmic level to the nuclear level. In addition, the 
formation of diploids would minimize the problem of 
segregation encountered in our current work. It js 
hoped that this approach may be studied as a sequel 
to the present investigation. 


SUMMARY 


The feasibility of employing heterokaryous of A sper- 
gillus in commercial-type fermentations and the de- 
termination of the microbiologic problems attendant 
upon their usage was investigated. The heterokaryons 
were found usually to produce intermediate or lesser 
amounts of acid than their component parents, except 
when two low-yielding strains were paired. The result- 
ing data from these investigations were difficult to 
interpret and assess. Analyses of the vegetative growth 
developed during a fermentation revealed the presence 
of a high ratio of segregated component mutants to 
the heterokaryon itself. Various procedures designed 
to enhance or stabilize the heterokaryons failed to give 
promising results. Possible situations where hetero- 


karyons could be of potential value are discussed. 
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Sulfate-reducing bacteria are believed to have played 
an important role in the formation of elemental sulfur 
in such deposits as those in the coastal region of Texas, 
Louisiana, and Mexico. Their suspected role was the 
production of sulfide from sulfate contained in the water 
of the deposit. The sulfide apparently became oxidized 
chemically to elemental sulfur (Hunt, 1915; Wolf, 
1925; Thiel, 1930; Ginter, 1934; Murzaiev, 1937; 
and Taylor, 1938). The elemental sulfur occurs as 
erystal seams or wall deposits in the porous calcite cap 
rock of salt domes (Shearon and Pollard, 1950; Feely, 
1956). The sulfur is located within 2500 feet of the 
surface in deposits ranging up to 300 feet in thickness. 
The columns of rock salt beneath the deposits are 
circular to elliptical in shape and extend downward 
12,000 to 30,000 feet below the surface. The cap rock 
that covers the rock salt consists of a layer of anhydrite 
which grades upward into transition rock containing 
gypsum, calcite, and sulfur, and, above this, cavernous 
ealeite rock. The sulfur is generally most abundant in 
the transition rock. The cap rock is buried beneath 
sedimentary deposits of gravel, sand, and limey shale. 
The pores and cavities of the cap rock contain brine. 
Petroleum, hydrogen sulfide, and sulfide waters are 
frequently found together with sulfur in the cap rock 
of the salt domes. It is significant that calcite and sul- 
fur appear to have been formed at the same time and 
to have increased proportionately while the sulfate dis- 
appeared (Taylor, 1938). 

The possibility that isotope data might provide evi- 
dence of the kinds of transformations of sulfur that 
occurred in the geologic deposits seemed likely from 
the fact that the lighter stable isotope, 832, is somewhat 
more reactive chemically than the heavier isotope, 554. 
lsotope fractionation is a natural phenomenon (Thode, 
N99; Ingerson, 1953; Rankama, 1954) and, conse- 
quently, the sulfur product would be expected to con- 
tain somewhat more S32 and less 834 than the source 


substance. Therefore, the 882:S834 ratio of the sulfur 


product would be greater than that of the reactant. 
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There are differences in the relative amounts of the 
stable sulfur isotopes, 832 and 834, in natural materials. 
Although the 832:534 ratio of the sulfur in any single 
kind of terrestrial substance such as seawater, sulfide 
ores and salt deposits, may show considerable variation, 
sulfates are generally richer in S34, whereas sulfides 
and sulfur of biologic origin are poorer in 834 and richer 
in $32 (Thode et al., 1949; Trofimov, 1949; Szabo 
et al., 1950; Macnamara and Thode, 1950, 1951; and 
Macnamara et al., 1952). The range of the $32:834 
ratios of all kinds of natural sulfur materials varies 
as much as 7 per cent, as is to be expected from thermo- 
dynamic considerations (Tudge and Thode, 1950). 

It was reported by Thode e@ al. (1951) that reduction 
of sulfate by a sulfate-reducing bacterium under labora- 
tory conditions brought about some fractionation of 
the stable sulfur isotopes. This assumes particular 
significance because Thode ef al. (1954) found that the 
sulfur in the gypsum and anhydrite of the geologic 
formation where sulfur was located had lower 832:S834 
ratios than the sulfur of the sulfide or elemental sulfur 
occurring in the same formation. This suggests that if 
the sulfide and sulfur had been derived from the 
sulfate, the products had become depleted in S834 or 
enriched in S32. Tests made on 10 different salt domes 
of Texas and Louisiana showed that if they had been 
derived from the surrounding sulfate, the isotopes 
of the native sulfur had become fractionated from 2.4 
to 5.6 per cent (avg 3.9 per cent)® and the sulfur of the 
associated sulfide 3.4 to 6.2 per cent (avg 4.6 per cent).4 
These values suggest that considerably greater frac- 
tionation had occurred than the 1.0 to 1.2 per cent, 
noted by Thode et al. (1951), effected by the sulfate- 
reducing bacterium. 

Butlin (1953) concluded that the elemental sulfur 
that accumulated in certain Cyrenaican lakes of North 
Africa was derived from sulfate by bacterial action. 
This sulfur was found by Macnamara and Thode (1951) 


3 The percentage fractionation for the native sulfur 


($32:834 for S°) — (S32:834 for SO,>) 
- xX 100 


$32:5834 for SO, 
‘The percentage fractionation for the sulfide-sulphur 
(S32:834 for S=) — (S882:834 for SO.) 


- x 100 
$32:834 for SO, 
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to have become fractionated 3.2 per cent compared to 
the sulfur of the sulfate from which it was presumed to 
have been derived. 

Although there would be fractionation of the sulfur 
during reduction of sulfate to sulfide by both chemical 
and biologic action, it is unlikely that the reaction was 
nonbiologic because the temperature during sulfur 
deposition was too low for chemical reduction of sul- 
fate. Ginter (1934) concluded that there is no factual 
evidence that sulfate was reduced to sulfide by organic 
materials through strictly chemical reactions ‘tat the 
reasonably low temperatures of the earth’s sedimen- 
tary rocks.” Further evidence for this conclusion was 
reported by Jones ef al. (1956). 

The claim that sulfate-reducing bacteria were im- 
plicated in formation of the sulfur is supported by the 
recovery of the bacteria from drill core material con- 
sisting of rock fragments often containing sulfur (Zo- 
Bell, 1946; Miller, 1949), and the fact that environ- 
mental conditions in the deposits were favorable for 
development of the bacteria. The junior author also 
recovered sulfate-reducing bacteria in 1948 from forma- 
tion waters of sulfur mines issuing at the ground sur- 
face. Nevertheless, mere recovery of the bacteria from 
core materials and formation waters at the surface is 
more suggestive than proof of their occurrence and 
active development in the formation because they may 
have become introduced by the drilling mud or may 
have developed on the well casing (Miller, 1949; Davis 
and Updegraff, 1954). 

The following investigation was undertaken to ob- 
tain further information on the ability of the sulfate- 
reducing bacterium, Desulfovibrio desulfuricans, to 
fractionate the stable isotopes of sulfur. The ability 
of the sulfur-oxidizing bacterium, Thiobacillus thiooxt- 
dans, to fractionate the sulfur isotopes during oxidation 
of elemental sulfur was also determined. 


























1 2 3 4 


Fic. 1. Fermentor system. Nitrogen gas passed through alkaline pyrogallol at 1, over metallic copper in electric furnace 2, through | 
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MATERIALS AND METHODS 


In the initial experiments, the sulfate-reducing bae- 
teria were cultivated in media in glass-stoppered bottles 
(Starkey, 1938), and analyses of one of the numerous 
replicate culture solutions were made at each incubation 
period. In subsequent experiments, a 5-L. mechanically 
agitated fermentor (Bartholomew ef al., 1950) was used. 
by means of which it was possible to recover, periodi- 
cally, sulfide produced by sulfate reduction, to withdraw 
samples of the culture medium, and to make additions 
of substrate or neutralizing solution. 

A diagram of the fermentor and associated equip- 
ment is shown in figure 1. 

The bacterium was cultivated in continuously stirred 
solution medium in the fermentor (7) held in a constant 
temperature water bath (6). The stirrer, which operated 
at approximately 500 rpm, dispersed undissolved 
material-and prevented development of local areas of 
low sulfate concentration. A stream of sterile nitrogen 
gas entered the solution through (4). The gas was 
freed of oxygen by passage through a solution of alka- 
line pyrogallol in the gas-washing bottle (7) and over 
glowing metallic copper held in a tube in a furnace 
(2). Absence of oxygen was checked by an alkaline 
solution of reduced methylene blue in a tube (3), 
through which the gas was passed. Approximately 
every 2 days the copper was regenerated by clamping 
off the system and passing hydrogen through the tube 
for 30 to 60 min. The gas stream was passed through 
the drying tube of dehydrite (4) and the tube of sterile 
cotton (5) which assured sterility of the gas. Additional 
substrate was added to the medium at (2) through a 
funnel (8). With positive gas pressure, samples of 
medium were withdrawn at (C) through funnel (9). 
Sulfide picked up by the gas stream left the fermentor 
at (D) and was absorbed by solutions of lead nitrate 
in the gas-washing bottle (70) and tubes (/7/). 
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reduced methylene blue 3, drying reagent 4, sterile cotton 5, and to the fermentor 7, and thence through Pb(NOs3)2 at 10 and 11 


The fermentor was held in a constant temperature water bath 6. Substrate was added by separatory funnel 8; medium was sampled 


through sample funnel 9. 
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The solutions of lead nitrate were replaced as needed. 
To recover the lead sulfide the liquid was centrifuged, 
the solids were washed 4 to 5 times with distilled water, 
and the supernatant liquid was passed through tared 
filter paper at each step. The materials were dried at 
50 to 100 C. Only the principal portion of lead sulfide, 
that which had not been collected on the paper, was 
used for isotope analysis. 

When insoluble material, such as calcium sulfate, 
was used in the medium, this was sterilized separately 
and added aseptically through the port (7). The media 
were similar to that of Starkey (1938) in which sodium 
lactate was the only organic constituent. Various con- 
centrations of sodium lactate, magnesium sulfate, and 
calcium sulfate were used. The sulfide content of the 
culture medium was determined by iodine titration. 
Sulfate was determined gravimetrically as the barium 
salt. Lsotope determinations of the 832:534 ratios of 
the sulfate used to prepare the media and of the sul- 
fide produced from sulfate by the bacteria were made 
by means of a dual collector mass spectrometer.® 

RESULTS 

In preliminary experiments, the sulfate-reducing 
bacterium was cultivated in solution medium con- 
taining from 0.3 to 5.0 per cent MgSO,4-7H.O. The 500- 
ml glass-stoppered bottles were completely filled with 
the medium. The incubation temperature was 28 C. 
High concentrations of sulfate were used so that the 
amount of sulfate-sulfur reduced to sulfide would be 
only a small portion of the total quantity. The factor 
that limited the amount of sulfide produced was the 
amount of sodium lactate in the medium. In media 
with 0.3 and 5.0 per cent MgSO,-7H.O, 13 and 5 per 
cent, respectively, of the sulfate-sulfur was reduced 
to sulfide. Development of the bacterium in the medium 
with the low sulfate concentration resulted in no de- 
tectable fractionation, but tests on two culture solutions 
containing the larger amount of sulfate showed 1.4 
and 1.5 per cent fractionation of the sulfur isotopes. 

The bacterium was cultivated in the fermentor m 
additional experiments designed to determine the con- 
ditions affecting the degree of fractionation. Only two 
representative experiments of seven conducted will be 
discussed in detail. 

Four liters of the following medium were used in the 
fermentor: 


Tap water 1000 ml 
Na-lactate 18.0 ¢ 
CaSQ,-2H.O 21.0 g 
NH,Cl 2.0 ¢ 
KeHPO4s-3H2O 10g 
CaCO; 12¢ 
Mohr’s salt 0.2 g 


* Isotope determinations were made by J. L. Kulp and H. 
W. Feely. For details of analysis, see Feely, 1956. 
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TIME, DAYS 
Fic. 2. Sulfate reduction in medium containing caleium 
sulfate as the source of sulfate and incubated at 28 C. Soluble 
sulfate-sulfur (------ ); sulfide-sulfur in culture substrate 
( ); sulfide-sulfur recovered from the gas stream (———). 


The reaction was adjusted to pH 7.1. The temperature 
was kept at 28 C. The inoculum consisted of 8 ml of a 
7-day culture of D. desulfuricans. 

The pH increased to 7.9 before the bacterium made 
appreciable growth and remained between 7.8 and 8.4 
for most of the incubation period of 18 days. Sixty 
hours elapsed before growth was evident. As shown by 
figure 2, reduction of sulfate increased rapidly after 
initiation of growth. The maximum amount of sulfide 
was produced on the fifth day after which there was an 
abrupt decrease, and little or no sulfide was produced 
between the seventh and thirteenth days. The increase 
in activity toward the end of the experiment was due to 
addition of 22.9 g of sodium lactate on the eleventh 
day. 

Practically 100 per cent of the sulfur provided as 
sulfate was accounted for as sulfide or residual sulfate. 
Calculations of the amount of sodium lactate required 
to produce the sulfide that was recovered according 
to the reaction of Baars (1930) indicated that all of the 
organic material had been broken down and that the 
amount of lactate was the limiting factor for growth. 

The isotope analyses made on 16 samples of sulfide 
obtained at different periods of development of the 
culture are shown in table 1 and figure 3. The 832:834 
ratio for all the sulfate used in these experiments was 
22.16 + 0.02. The rate of sulfate reduction affected the 
degree of fractionation of the sulfur isotopes. Generally, 
the 832:834 ratios were greater when the growth rate 
was slow. 

In an additional experiment an attempt was made to 
decrease the rate of growth by keeping the amount of 
the energy source low by adding it in small increments 
throughout the incubation period. In another experi- 
ment the lactate concentration was similarly regulated, 
and in addition, the temperature was held at 20 C. 
There was somewhat more rapid sulfate reduction than 
expected and, as shown by figures 4 and 5, the rates 
were uneven. Nevertheless, in both cases there was 
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TABLE 1. Sulfide production and fractionation of stable isotopes of sulfur by Desulfovibrio desulfuricans cultivated at 28 C 


Incubation 
Sample No. “8 Sulfide S in PbS 


Period 
l 44 996 6.3 
2 S 2168 20.0 
3 1931 32.2 
} 5 1448 11.4 
5 i 1394 50.2 
6 3 1248 58.1 
7 9 317 60.1 
Ss 14 19] 61.3 
9 +1 103 62.0 
10 68 115 62.7 
11 59.5 387 65.2 
12 25.5 901 70.9 
13 a 615 74.8 
14 6 174 77.8 
15 24 S56 83.2 
16 43 106 83.9 
Totals 365 13,250 


Sulfate Reducedt 


No. of Isotope 


Determinations S32:534 Fractionation 
| 22.28 + 0.01 0.54 + 0.14 
| 22.27 + 0.01 0.50 + 0.14 
2 22.23 + 0.01 0.32 + 0.14 
2 22.23 + 0 O1 0.32 + 0.14 
2 22.28 + 0.01 0.54 + 0.14 
2 22 28 + 0.01 0.54 + 0.14 
2 2.31 + 0.01 0.68 + 0.14 
2 22 36 + 0.01 0.90 + 0.14 
2 22.38 + 0.01 0.99 + 0.14 
2 22.45 + 0.01 1.31 + 014 
2 22.32 + 0.01 0.72 + 0.14 
2 22.23 + 0.01 0.32 + 014 
2 22.17 + 0.01 0.05 + 0.14 
2 22.14 + 0.01 0.09 + 0.14 
2 22.15 + 0.01 0.05 + 0.14 
4 22.27 + 0.01 0.50 + 0.14 


* Periods are calculated from the time that sulfide first appeared in the culture substrate. This was 60 hr after the medium was 


inoculated. 


+ The initial! sulfate-S in the substrate was 3943 ppm. 
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TIME, DAYS 
Fig. 3. 
fractionation of sulfur isotopes in a medium containing calcium 
sulfate as the source of sulfate and incubated at 28 C. Rate of 
production of sulfide-sulfur, mg per hr | ); $32:834 ratio 


Relation between rate of sulfate reduction and 


of the sulfide-sulfur recovered from the gas stream (| ¥ 


generally greater fractionation during periods of slow 
sulfate reduction, increase in fractionation with de- 
crease in reduction rate, and decrease in fractionation 
with increase in reduction. 

In another experiment, conditions were more favor- 
able for a slow and fairly steady rate of sulfate reduc- 
tion, and this resulted in a high degree of fractionation 
of the stable sulfur isotopes. The concentration of sol- 
uble sulfate was kept high by substituting 6 per cent 
MgSO,-7H.O for the relatively insoluble calcium sul- 
fate used in other experiments. No difficulty was en- 
countered in cultivating the bacterium in this medium. 
Likewise, Miller (1949) noted that sulfate-reducing 
bacteria of both marine and nonmarine origin were 
tolerant to relatively high salt concentrations. Sodium 


MG/HR S32/S34 
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TIME, DAYS 
Fig. 4. Relation between rate of sulfate reduction and 


fractionation of sulfur isotopes in a medium containing calcium 
sulfate as the source of sulfate, with limited amount of Na 
lactate, and incubated at 28 C. Rate of production of sulfide 
): 882:S34 ratio of sulfide-sulfur re 
covered from the gas stream | i 


sulfur, mg per hr ( 


lactate was added in small increments during the course 
of the experiment, making a total of 17.1 g for the 41 
of medium. To avoid a long lag period the medium was 
inoculated with a large number of cells. The inoculum 
consisted of washed cells having a packed volume ol 
0.4 ml. They were harvested from 500 ml of a cultur 
medium that contained 3 per cent MgSO4-7H.O and 
1.8 per cent sodium lactate and that was incubated fo! 
8 days at 19 C. The fermentor was held at from 8. 
to 17.8 C. The average temperature for the first 3) 
days was 16 C and for the last 15 days was 9.6 C. 
There was evidence of growth after only 18 hr. 4s 
shown in figure 6, sulfide production increased graduall 
until the twenty-seventh day after which it remained 
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fairly constant. This was the slowest growth rate of all 
the experiments. This prolonged period of very slow 
sulfide production resulted in marked fractionation. 
As shown in table 2 and figure 7, the percentage frac- 
tionation varied from 2.0 to 2.7 with an average of 
94. The relatively high fractionation of the sulfur is 
believed to have been due to the very slow rate of 
reduction of sulfate to sulfide and to the high concen- 
tration of soluble sulfate, only a small portion of which 
was reduced. 

Although the amount of sodium lactate was kept low 
it was always sufficient to meet the requirements of the 
bacterium. The pH of the substrate increased slowly 
from an initial value of 7.2 to a final value of 8.5. 

A portion of the residual sulfate in the fermentor at 
the end of the 45-day incubation period had a 832:534 
22.12 + 0.02. This was just. significantly 
lower than 22.16 + 0.02, the 832:534 ratio of the sul- 


fate from which it was produced. Decrease in the ratio 


ratio of 


would result from preferential use of 832 during sulfate 
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Fig. 5. 
fractionation of sulfur isotopes in a medium containing calcium 
sulfate as the source of sulfate, with limited amount of Na- 
lactate, and incubated at 20 C. Rate of production of sulfide- 
$32:834 ratio of sulfide-sulfur 
recovered from the gas stream ( ). 
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Fic. 6. Sulfate reduction, in medium containing magnesium 
sulfate as the source of sulfate and incubated at low tempera- 
tures. Soluble sulfate-sulfur (--+-+- ); sulfide-sulfur in culture 
substrate — ( sulfide-sulfur 


recovered from gas 


Stream ( e 
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TABLE 2. Sulfide production and fractionation of stable isotopes 
of sulfur by Desulfovibrio desulfuricans cultivated at low 
temperatures 


Sample No. bation Sulfide S| Ren 532:534 Fractionation 
Period duced 
| hr* mg /, % 
he 200 21.2 4.4 | 22.66 + 0.02 | 2.26 + 0.18 
18 142 | 65.8 4.5 | 22.75 + 0.02 | 2.66 + 0.18 
19 120 | 112.7 8.3 | 22.75 + 0.01 | 2.66 + 0.14 
20 120 | 167.8 | 10.0 | 22.71 + 0.02 | 2.48 + 0.18 
2 96 | 174.6 | 13.1 | 22.71 + 0.01 | 2.48 + 0.14 
22 120 | 180.8 | 16.0 | 22.68 + 0.01 | 2.35 + 0.14 
23 144 | 134.5 | 16.8 | 22.65 + 0.01 | 2.21 + 0.14 
24 120 | 102.0 | 18.4 | 22.60 + 0.01 | 1.99 + 0.14 


Totals 1062 | 959.4 

* Periods are calculated from the time that sulfide first ap 
peared in the culture substrate; this was 18 hr after the medium 
was inoculated. 


MG/HR S32/S34 
7 22. 


80- 
ie 
6 22,70} / leat 
( 5, 
5  22.60r L \ 
| 
| 
4 2250 | 
| 
| 
3 2240r | 
| 
2 22.30 | 
| 
| 
1 22201 


10 Ti, pays 


Fic. 7. Relation between rate of sulfate reduction and frae- 
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tionation of sulfur isotopes in a medium containing magnesium 
sulfate as the source of sulfate and incubated at low tempera- 
tures. Rate of production of sulfide-sulfur, mg per hr ( ye 
$32:S834 ratio of sulfide-sulfur recovered from the gas stream 
( ). 


reduction. The fact that the decrease was slight com- 
pared to the increase in the ratio of the sulfide produced 
from the sulfate is to be expected, for only a very small 
portion of the sulfate was reduced. 

Whereas the maximum fractionation noted in these 
experiments was 2.7 per cent, it was improbable that 
this is the maximum fractionation that can be effected 
by the bacterium. It seems likely that with slower 
metabolic activity, there would be still greater frac- 
tionation. 

Tests for fractionation by Thiobacillus thiooxidans. 
If organisms other than sulfate-reducing bacteria 
fractionate the sulfur isotopes, differences in the $32: 
$34 ratios of the sulfur of natural materials may be 
attributed to various biologic effects. Changes in iso- 
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tope ratios might be the result of multiple reactions 
complicating their interpretation. Isotope analysis of 
elemental sulfur and of sulfate formed as the result of 
aerobic oxidation of elemental sulfur by the autotrophic 
sulfur bacterium, 7. thivoxidans, showed no fractiona- 
tion under varying conditions where from 2.6 to 67.1 
per cent of the elemental sulfur in the medium had be- 
come oxidized. This does not eliminate the possibility 
that there is fractionation during its oxidation of sol- 
uble sulfur substrates, but this was not tested. 
DiscussION 

In the bacterial reduction of sulfate certain factors 
may be concerned that would not affect strictly chem- 
ical transformations. Sulfate probably moves into the 
cell where it is reduced and sulfide probably moves out. 
Furthermore, absorbed sulfate may be released to the 
culture solution. Isotope fractionation would be af- 
fected by differences in the rates of: (1) penetration 
into the cell by the two isotopes, (2) reduction of the 
isotopes in the cell, and (3) excretion of the isotopes 
from the cell. If both isotopes enter the cell at the same 
rate and fail to be released as sulfate once they are 
absorbed, it is probable that there would be little 
fractionation. If, on the other hand, they could pass 
out of the cell readily after having entered, and 3834 
was more slowly reduced than 832, conditions would be 
favorable for fractionation. There would be an in- 
creased fractionation if the heavier isotope moved 
into the cell less rapidly than the lighter one and also 
was reduced more slowly. 

Appreciable fractionation requires a high concentra- 
tion of sulfate about the cell at all times to insure that 
the medium does not become diluted in the preferen- 
tially utilized isotope. In case of deficiency of sulfate, 
there would be a tendency for all sulfate to be reduced 
irrespective of its atomic weight. Therefore, fractiona- 
tion would be favored by an initial high concentration 
of soluble sulfate, by microbial transformation of only 
a small portion of the available sulfate, by continuous 
mixing of the medium, and by a slow rate of sulfate 
reduction. It was noted repeatedly that, when a large 
portion of the soluble sulfate had become reduced, 
there was a decrease in fractionation even though the 
rate of growth remained fairly constant. 

When used at relatively high concentrations, the 
soluble sulfate salt, MgSO,-7H:O, should be more 
favorable for isotope fractionation than the more in- 
soluble CaSO,-2H:O. The latter was used to simulate 
conditions in the natural formations where sulfur is 
deposited. During periods of rapid sulfate reduction 
in the medium with calcium sulfate, the solution failed 
to remain saturated with sulfate, and selective utiliza- 
tion of S32 was confined to the portion of sulfate in 
solution. Furthermore, equilibrium between the iso- 
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topes in the insoluble and soluble sulfate was not main- 
tained. 

There was significant fractionation with 54 of 62 
samples of sulfide produced by the sulfate-reducing 
bacterium cultivated in the fermentor, and none of the 
determinations showed significant increase in_ the 
amount of S34 relative to S32. A general trend for high 
fractionation was evident during periods of slow sulfide 
production. This is indicated by the fact that the per- 
centage fractionation averaged 0.94 for 43> samples 
obtained during periods when the rate of sulfide pro- 
duction was below 40 mg per hr, whereas at periods of 
more rapid sulfide production the average was 0.33 
for 19 samples. In the experiments where 6 per cent 
MgsSO,-7H,O was used as the sulfate source, the per- 
centage fractionation averaged 2.02 when the rate of 
sulfide production was 8 mg per hr or less. 

It is not possible to establish a satisfactory correla- 
tion between rates of sulfide production and percentage 
fractionation because all of the sulfide was not removed 
from the culture solution by the gas stream at each 
period. The sulfide produced at one period and_ not 
removed by the gas stream would become mixed with 
that produced at subsequent periods and this would 
obscure the actual degree of fractionation at the latter 
periods. 

In calculating the percentage fractionation, the iso- 
tope ratios of the source sulfate, CaSO ,-2H.O. or 
MgSO,-7H2O, have been used as the base, and the 
differences between these values and those of the sulfide 
derived from the sulfate have been determined. The 
$32:534 ratio of both salts was 22.16 + 0.02. However, 
the percentage fractionation reported by others was 
based on differences of the 832:534 ratios of the sulfide 
or sulfur found in nature and those of the residual sul- 
fate (Rankama, 1954; Thode ef al., 1954). The maxi- 
mum concentration of S32 was found in sample 18 
where the 832:834 ratio of the sulfide-sulfur was 22.75 
and that of the residual sulfate was 22.12. Thus, the 
percentage fractionation from these values is 2.85 
whereas it is 2.66 when using the ratio of the initial 
sulfate-sulfur as the base. 

When calculating fractionation of sulfur isotopes by 
sulfate-reducing bacteria in nature it has been assumed 
that the sulfate source, whether it be sea water or the 
sulfate in the salt domes, is an “infinite pool’’ and 
changes little in isotope ratio. Sulfate in the brines and 
in the gypsum bathed by the brines in the formations 
where 


sulfur is deposited may be depleted gradually 
in 832 as hydrogen sulfide is formed, and some of the 
observed differences between the $32:834 ratios of 
sulfate and sulfide may be due to this depletion of the 
dissolved sulfate in S32. 


The sulfate-sulfur of a Cyrenaican lake of North 
Africa had an 832:S34 ratio similar to that of sea water, 
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indicating that there was a large reservoir of sulfate 
that had not been greatly enriched with S34 (Mac- 
namara and Thode, 1951). A fractionation of 3.2 per 
cent was recorded between the sulfate and elemental 
sulfur of this lake, which is only slightly higher than 
the maximum fractionation of 2.7 per cent noted for 
the reduction of sulfate to sulfide in the experiments 
reported herein. In the salt domes, however, the resid- 
ual sulfate associated with the elemental sulfur shows 
evidence of having become depleted in $32, the degree 
of depletion differing with the localities (Thode et al., 
1954). The 832:5834 ratio of the sulfate of the salt dome 
at Lake Washington, Plaquenimes Parish, Louisiana, 
was 21.16, whereas the average ratio for sulfate of 9 
other sulfur wells was 21.36. This suggests that there 
had been considerable depletion in $32. 

According to results of Thode et al. (1954) the frac- 
tionation that had taken place in the formation of 
sulfide in 10 salt domes of Texas and Louisiana varied 
from 3.4 to 6.2 per cent. Very recent results of Feely 
on materials of three salt domes of Texas showed 332: 
$34 ratios of sulfide-sulfur that were from 1.0 to 3.2 
per cent higher than those of the sulfate in the salt and 
anhydrite rock. These latter values are within the range 
that is to be expected for sulfide produced through 
bacterial sulfate reduction from the results herein re- 
ported. 

Since all salt domes which harbor commercial quan- 
tities of sulfur contain hydrocarbons (Taylor, 1938), 
the fact that some suggestive evidence was obtained 
indicating a capability of sulfate-reducing bacteria 
to oxidize certain constituents of crude oil (Jones, 
1955) was considered important. Kuznetsov (1950) 
stated that sulfate reduction at the expense of organic 
matter in petroleum is extremely slow and depends 
on the composition of the petroleum. Updegraff and 
Wren (1954) agreed that the process is very slow, if 
indeed it occurs at all. The possibility that sulfate- 
reducing bacteria are supported by hydrocarbons or 
other compounds contained in connate water asso- 
ciated with the formations has not been determined. 
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SUMMARY 


The degree of fractionation of the stable sulfur iso- 
topes, 832 and S34, resulting from reduction of sulfate 
to sulfide by Desulfovibrio desulfuricans and oxidation 
of elemental sulfur to sulfate by Thiobacillus thiooxi- 
dans was determined. 

There was no fractionation during the reduction of 
sulfate to sulfide when the sulfate-reducing bacterium 
was cultivated in stationary medium containing 0.3 
per cent MgSO,-7H.O, but there was 1.4 to 1.5 per 
cent fractionation in stationary medium containing 
5.0 per cent of the salt. In continuously agitated media 
in a fermentor, the amount of fractionation of the sulfur 
isotopes varied from negligible values to 2.7 per cent, 
depending on the rate of sulfate reduction and the con- 
centration of sulfate. Fractionation was greatest where 
the rate of sulfate reduction was exceedingly slow and 
the amount of sulfate in solution was high, and when 
only a small portion of the sulfate became reduced 
and the medium was kept uniform by continuous 
stirring. There was less fractionation in media with 
calcium sulfate than with magnesium sulfate. Low tem- 
perature was an effective means of keeping the meta- 
bolie rate slow. During incubation at low temperatures 
the lag period was shortened by inoculation with a 
large number of cells. 

The maximum fractionation of the sulfur isotopes 
brought about by the sulfate-reducing bacterium 
was within the range of the apparent fractionation 
that occurred during deposition of elemental sulfur in 
the cap rock of the sulfur deposits of the salt domes of 
Texas and Louisiana. This supports the hypothesis 
that sulfate-reducing bacteria were responsible for 
the first step in the formation of the sulfur in the de- 
posits, that of production of hydrogen sulfide from sul- 
fate in solution. 

No fractionation of the sulfur isotopes was noted 
during oxidation of elemental sulfur to sulfate by 
Thiobacillus thiooxidans. 
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The Critical-Orifice Liquid Impinger as a Sampler 
for Bacterial Aerosols' 
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Studies in aerobiology are often conducted on a 
INLET: 


comparative basis; that is, the numbers of viable air- SAMPLE IN 
borne organisms obtained under one set of cireum- 

stances are compared to those obtained under other s 
conditions. For samplers employed in such studies, ‘7 


reproducibility and ease of handling often are con- 


OUTLET: 


a TO VACUUM 





sidered more important than absolute efficiency be- 
cause the final conclusions are derived from internal 
comparisons between various data collected using the 
same samplers throughout. In planning studies at 

Georgia Institute of Technology on the effect of chem- 

ical vapors on the viability of airborne bacteria, the ; eaecae " 
critical-orifice liquid impinger was selected because of cucu? 

the demonstrated reproducibility and ease of handling pes 
(Rosebury 1947; Henderson 1952). Subsequent ex- 
perience justified this choice, although it was found Fic. 1. Critical-orifice liquid impingers 
that the efficiency was significantly affected by the 
composition of the liquid used in the sampler. Further introduced into either a cubical or cylindrical chamber 
studies showed that this effect was responsible for system. The production of the test aerosol and the 
potentially large errors when estimating particle size details of the chamber system are described in detail 
by the method of comparing aerial concentration to elsewhere (Kethley ef al., 1956; Kethley et al., 1957). 
number settling per unit area per time unit. This Critical-orifice liquid impinger samplers. (See figure 
experience indicated the need for consideration of 1 


This sampler functions by the process of passing 
other factors which might influence the operation of an air sample through an orifice under such conditions 
eritical-orifice liquid impingers when used as samplers that the critical pressure ratio is maintained across the 
orifice (Perry, 1941); the air stream strikes a liquid 


bed, as distinct from those samplers in which the air 


for bacterial aerosols. 
MATERIALS AND METHODS Pia 
stream impinges on a solid surface. 
The test culture. The investigations were carried out The use of the samplers shown in figure 1 has been 
described previously (Kethley ef al., 1956). As shown 
in this figure the critical orifice can be seen at the end 
of the inlet tube in the empty sampler on the left. 
In the center of figure 1 is the milk bottle with sampling 
fluid prior to sterilization, and on the right is the 

sampler ready for use. 


with carefully differentiated cultures of Serratia marces- 
cens strain ATCC 274, maintained in 0.3 per cent beef 
extract broth. The cultures were 45 to 48 hr old when 
used in tests (KXethley ef al., 1956). 

Chambers and equipment for the production and main- 
fenance of the bacterial aerosol. The organisms were 
dispersed into the air from 0.3 per cent beef extract 


The critical orifice is actually a descriptive term for 
broth culture with a no. 40 De Vilbiss? all-glass atom- 


an operating condition, that is, the critical pressure 
izer, classified ina prechamber so that 90 per cent of the ratio exists across the orifice. The critical pressure is 
particles in the cloud issuing from the prechamber that ratio between downstream and upstream pressures 
required to produce acoustic velocity. Because this 
velocity is not exceeded by further decreases in the 
vacuum (downstream pressure), the flow is fixed. For 
air the critical pressure ratio is 0.53, and if the upstream 


contained only one bacterium, and none contained 
more than two. This aerosol cloud was then diluted 
with air of the desired humidity and temperature and 


'These studies were supported in part by National Insti 


tutes of Health grant, G-2771. pressure is 760 mm Hg (30 in), the downstream pres- 
* The De Vilbiss Company, Toledo, Ohio. sure must be no greater than 402 mm Hg (15.8 in). 


119 





120 W. B. COWN, T. W. 


Because commercial vacuum gauges are calibrated in 
inches of vacuum, barometric pressures are converted 
by subtracting them from 30 in Hg. It must be re- 
membered that the critical pressure ratio refers to 
the drop across the orifice, and pressure drops in the 
lines must be considered if the gauge is located at the 
vacuum source. In practice, a gauge reading of 22 in 
Hg vacuum is the minimum vacuum acceptable for the 
maintenance of critical pressure ratios across a bank 
of samplers. A high volume pump is required for this 
purpose; the Nash “Hytor’® pumps used by us are 
each capable of maintaining this degree of vacuum 
for a total of at least 50 L per min. It should be noted 
that the ordinary small laboratory vacuum pump will 
handle only 1.0 L per min under similar conditions. 
lor orifices made by shrinking the tips of soft glass 
tubing, the tubing having a diameter not less than 5 
times that of the resultant orifice, the experimentally 
determined relation between orifice diameter and 
volume of flow at acoustic velocity (at standard condi- 
tions of temperature and pressure) is approximately: 


Q = (d*) (9) 


Where Q is the volume of air in L per min, and d is 
the diameter of the orifice in mm. Thus an orifice of 
0.33-mm_ diameter will deliver approximately 1.0 L 
per min at acoustic velocity, or a 3.3-mm_ diameter 
orifice will deliver approximately 100 L per min, pro- 
vided a pump were available to maintain the critical 
pressure ratio across the orifice. 

After tubing tips have been constricted in a flame 
to form the estimated desired size orifice, these are 
individually connected to the vacuum line and screened 
by measuring the intake air with a flowmeter (*‘Flow- 
rator’’*). Those orifices having a flow rate 20 per cent 
in excess of the desired are re-shrunk; those at 20 per 
cent less than desired are discarded. The selected ori- 
fices are then carefully calibrated against a wet-test 
meter,> the meter being positioned upstream from the 
orifice (that is, not under vacuum). 

The liquid impinger media, In addition to the phys- 
ical aspects of sampling for airborne particulates, 


studies on bacterial aerosols are complicated by 


the biologic nature of the experimental material. 
Media must be adequate not only for collecting the 
particles, but must also furnish a suitable environment 
for the living cells collected. For this reason, various 
bacteriologic media were used in the samplers. These 
are described in the tables showing the results obtained. 
Because of the great amount of frothing resulting 
from the passage of the air sample through the various 
media, an antifoaming agent is added to each sampler 
prior to sterilization, either 0.5 ml medicinal grade 
3 Nash. 


‘ Fischer and Porter Co., Hatboro, Pennsylvania. 
5 Precision Scientific Co., Chicago, Hlinois. 
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olive oil or a loopful of Dow AF® to each 200 ml of 
sampling fluid. 

Plating technique. Following sampling, aliquots of 
the sampler fluid were plated, either directly or diluted, 
in triplicate. The plating medium consisted of: tryp- 
tone glucose agar, 24 g; sodium chloride, 5 g; dibasic 
sodium phosphate, anhydrous, 2.5 g; distilled, dejo. 
nized water to make | L. Employing this medium, 
colonies of the test organism were counted after jp. 
cubation at 35 C for 18 hr. 

Photographic technique. In order to distinguish the 
details of the action occurring during operation of a 
critical-orifice impinger, it was necessary to make 
studies on a low rate-of-flow orifice (0.2 lL per min), 
otherwise violent agitation taking place in the liquid 
completely obscured the details of action. Photographs 
were made with a Leica? camera and a Strobelume* 
light source at 4 microseconds exposure. Also, photo- 
graphs were taken on 16-mm film at 4000 frames per 
sec using the Fastax camera.! 

RESULTS AND Discussion 

Internal geometry of the sampler and rate of flow through 
the sampler. Prior studies by Rosebury (1947) show 
(1) when the tip of the sampler is very close to the 
bottom of the container, reduced effectiveness of re- 
covery results, and (2) highly variable results are ob- 
tained with samplers operating at rates as great as 16 
lL. per min. It was suggested that these two factors are 
interrelated. In our own work, high speed photographs 
show a definite stem emerging from the orifice; if the 
length of this stem increases with increasing rate of 
flow, the minimum distance required between the tip 
and the bottom would increase accordingly. It is sug- 
gested that the reduced effectiveness of sampling caused 
by these factors is due to re-atomization of the bacterial 
particles under conditions of extreme agitation. Studies 
were carried out with known numbers of bacteria added 
to the sampling fluid, the tip of the sampler being 
placed at various distances from the bottom of the con- 
tainer. The results of these studies indicate that when 
the jet created by passage of air through the orifice 
at sonic velocity strikes the unyielding surface of the 
sampler bottom, re-atomization occurs, causing signif 
cant losses. Flows at less than sonic velocity did not 
cause significant losses. 

Further verification of the contention that the tip 
location and flow rate are interrelated in the operation 
of critical-orifice liquid impingers is to be found in the 

® This material is composed of approximately 30 per cent of 
the antifoaming agent, a chloro-siloxane; 12 to 15 per cent 
emulsifiers, polyoxyethylene and glycerol monostearates; the 


’ 


balance being water. Dow Corning Corporation, Midland 
Michigan. 


7 Ernst Leitz, Wetzler, Germany. 


8 Heiland Research Corp., Denver, Colorado. 
® Western Electric Co., Ine., New York. 
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TasLe 1. Effect of tip position on relative recovery of airborne 
Serratia marcescens al 20 C, 60 per cent relative humidity; 
sample containers I-quart milk bottles with 200 ml gelatin 
fluid* 


Relative Per Cent Recoveryt of Viable 
Airborne Organisms 
Flow Rate of Sampler at 
Critical Pressure Ratio 
Pip 1 cm from 


Tip 3 to 4 cm from 
bottom of container 


bottom of container 


L/ mint 
l 100 100 
2 90 
5 60 99 
15 68 
20 60 
28 3S 55 


* Medium no. 2, table 2 

t For flow rates from 1 to 10 L per min, orifice diameter 
ranges from 0.33 mm to 1.1 mm when made from tubing having 
an internal diameter of 6 mm. For flow rates from 10 to 30 L 
per min, orifice diameter ranges from 1.1 mm to 1.8 mm when 
made from tubing having an internal diameter of 9 mm. 


t Averages of six determinations each, the numbers re 


corded in the | L per min samplers being set to 100. 


results in table 1. The data in this table indicate that 
moving the tip away from the bottom of the container 
increases the effectiveness of collection by the higher 
volume samplers. 

Tests were carried out with 28 L per min critical 
orifices in the tall sample container of the Greenberg- 
Smith'? impinger in order to increase the distance 
between the tip and bottom of the container. Com- 
pared to the 1 L per min samplers, in the Greenberg- 
Smith container: with the tip 4.0 em from the bottom, 
34 per cent recovery; tip 8.5 em from the bottom, 50 
per cent recovery. [It is to be noted that the Greenberg- 
Smith container is 5.5 em in diameter, whereas the milk 
bottles are square in cross section, 8.5 em on a side. 
This difference in cross-sectional dimensions is offered 
as an explanation for the low recoveries. 

Viability of the organisms in the sampler. The results 
of experiments in which known numbers of organisms 
were introduced into the samplers operated critically 
for flow rates of 1 or 5 L per min for a period of 1 hr 
indicated that the sampling process has no hostile 
effect on the organisms studied. The tips were posi- 
tioned 3 to 4 em from the bottom of the milk bottle 
containers. No significant. change in numbers of viables 
was found during the course of the experiment. 

Effect of the collecting media. The comparative inter- 
sampler performance of the gelatin solution using the 
1.0 L. per min critical-orifice impingers was very satis- 
factory. However, the question arose as to whether 
or not this medium, because of its chemical and/or 
physical composition, was actually demonstrating all 
of the potentially viable cells collected from a bacterial 
aerosol cloud. The results shown in table 2 comparing 


© Corning Glass Works, Corning, New York. 


TABLE 2. Effect of various impinger media on collection of air- 
borne Serratia marcescens at 20 C, 74 per cent relative 





humidity 
Avg Relative 
Recovery, 
No. Medium* Antifoamt a ong 
Samplers 
Set to 100 
I Gelatin (Dow AF) 42.5 
2 Gelatin (Oil) 42.5 
3 Gelatin-broth (Dow AF) 70.5 
1 Gelatin-broth (Oil) 60.0 
5 Broth (Dow-AF) 70.5 
6 Broth (Oil) 16.0 
7 Gelatin-brain-heart (Dow AF) 100.0 
Ss Gelatin-lactose (Oil) 73.0 
i) Gelatin-proteose peptone (Oil) 59.0 
yeast extract 
10 Gelatin-NaCl-lactose (Oil) 69.0 
11 Gelatin-proteose peptone (Oil) 104.5 


NaCl-yeast extract 


* Composition of media: 


and 2—0.2 per cent gelatin solution (Pharmagel A—Pharma 
gel Corporation, New York, New York), NasHPO,, an 
hydrous, 0.08 g per g of gelatin; pH 6.95. 

and 4—0.2 per cent Pharmagel A (buffered) in 0.3 per cent 
beef-extract broth; pH 6.98. 

and 6—0.3 per cent beef-extract broth; pH 6.8. 


0.2 per cent Pharmagel A (buffered) in 3.7 per cent brain 
heart infusion; pH 7.2. 

S—0.2 per cent Pharmagel A (buffered), 0.25 per cent NaCl, 
0.5 per cent lactose; pH 6.65. 

9—0.2 per cent Pharmagel A (buffered), 2 per cent proteose 
peptone, 0.3 per cent veast extract, 0.25 per cent NaCl; 
pH adjusted with potassium hydroxide (10 per cent) to 
pH 6.9. 

+ Antifoams: Dow AF—loop inoculum per impinger sample; 
oil-olive oil—0.5 ml per impinger sample. 


the collecting ability of a series of impinger media of 
different compositions suggest that many of the in- 
jured cells within the group of lower viability potential 
were previously lost because of the absence, in the col- 
lecting medium, of suitable nutrient constituents of 
such nature as to reverse or terminate the injury mecha- 
nism. 

A comparison of the use of plain gelatin fluid and 
the fluid enriched with brain-heart infusion showed 
that the enriched fluid demonstrated 50 per cent more 
viables. The significance of the difference in efficiency 
of sampling between the two media in estimating par- 
ticle size has already been indicated (Kethley et al., 
1957). Enrichment of the plating media did not pro- 
duce any significant differences in total count. 

Addition of antifoam agent to impinger media. Con- 
comitant with the studies on the effect of various im- 
pinger media on the collection of airborne organisms, 
comparative studies were made on the addition of 
Dow AF® (a dispersion of Dow Corning Antifoam A 
silicone defoamer which can be dilated in water) and 
olive oil to the impinger media as antifoaming agents. 
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Results of this study showed that there is no signifi- 
cant difference in the numbers of organisms collected. 
The Dow AF antifoaming agent visually appears to be 
more effective in dampening foam formation. Also, it 
does not produce objectionable effects in’ the solid 
plating media as do the oil globules. 

Physical characteristics of sampler fluids. The action 
of the orifice-type liquid impinger is also dependent 
upon the inherent properties and condition of the 
liquid medium itself. From the standpoint of rigidity 
and adhesiveness of the collecting surface, the liquid 
should be of such composition as to resist deformation 
by the orifice jet and yet at the same time possess 
characteristics which enable the liquid to wet and 
entrap the airborne particles. This suggests a liquid 
with a comparatively high viscosity and low surface 
Limited measurements 
were made on some of the physical characteristics of 
the sampler fluids. Surface tension values obtained 
for the more complex fluids were lower than that for 
the plain gelatin fluid. Also, the effect of the emulsify- 
ing agent (resulting from addition of Dow AF and filter- 
ing) in depressing the surface tension was evident for 
all fluids, but less so with the plain gelatin. This may 
be another clue to the enhanced ability of the more 


tension. observations and 


complex fluids in collecting airborne organisms, in 
addition to any biologic effect. Slightly higher viscosity 
values were obtained for the more complex fluids which 
may further explain their greater effectiveness in 
collecting airborne organisms. Further investigation 
of these factors might lead to the development of a 
fluid which would overcome the reduced effectiveness 
occasioned by the use of orifices having flow rates in 
excess of 1.0 L per min. 

Temperature of sampler. There has been some indi- 
cation that the internal temperature of the sampler 
during the operating period may affect the collecting 
ability of the sampler. Factors such as viscosity, sur- 
face tension, and general gas solubility are somewhat 
dependent upon temperature. In order to study the 
possible effect of temperature on the sampler fluid, as 
distinct from any effect of temperature upon the via- 
bility of the organisms in the airborne state, the aero- 
sol chamber system was operated at a constant tem- 
perature and humidity, and the samplers were 
individually heated or cooled to various temperatures. 
The results of this investigation are shown in table 3, 
both for organisms at the inlet of the chamber and at 
the outlet from the chamber. 

The information in table 3 is interpreted to indicate 
that for critical-orifice liquid impingers, temperatures 
of 10 to 20 C exert a uniform effect upon the sampler, 
but that at temperatures of 52 C or above, a lowered 
effectiveness is caused by the temperature increase. 
It is not known whether this is the result of changes in 
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TaBLeE 3. Effect of temperature of the impinger fluid* on the 
number of viable airborne organisms demonstrated. Room 
and chamber air maintained at 20 C, 60 per cent relative hy 
midity 


Indicated Concentration of Viables per L of Air 
Temperature of 
Fluid in 


Inlet of chamber 
Sampler 


Outlet from chamber 


Avg nt S.E. Avg n S.E. 

Cc 
10 9,000 12 570 5,700 11 240 
13.5 8,900 3 870 5,200 3 270 
20) 10,500 6 650 5,500 6 | 280 
32 7,400 6 800 4,000 6 | 290 
10) 4,000 6 660 1,900 6 390 


* Brain-heart gelatin fluid (medium no. 7, table 2, 1.6 per 
cent brain-heart infusion instead of 3.7) 200 ml in quart milk 
bottles, 1.0 L per min critical orifice 3 to 4 em from bottom of 
container. 


t+ n = number of replications. 


physical factors, or whether it is a biologic response, 
or some combination of both. 

Various other factors. Employing 1.0 L per min 
critical-orifice liquid impingers, 1-quart milk bottles 
containing 200 ml of brain-heart fluid, the tip positioned 
just below the surface of the liquid (3 to 4 cm from the 
bottom of the container), the effects of the following 
variables were investigated at 20 C: 

Particle size and relative humidity: The good agree- 
ment between calculated and determined sizes for 
particles ranging in size between 0.6 and 3.0 yw in diam- 
eter under various conditions of relative humidity at 
20 C (Kethley et al., 1957), indicates the effectiveness 
of the samplers; the particle size determinations being 
made from a comparison of aerial concentrations and 
numbers settling per min. 

Sampling periods: Comparison of results obtained 
from 1-min periods of sampling to those from 30-min 
periods indicated no significant difference due to length 
of sampling period. 

Concentration of the bacterial aerosol: These sam- 
plers have proven satisfactory in sampling bacterial 
aerosols varying in concentration from 500 to 500,000 
per L, the results showing good correlation to the 
numbers of bacteria atomized. Direct studies where 
identical cultures were atomized both undiluted and 
diluted 1:10 with broth yielded aerial concentrations 
of 50,000 and 5000 per L, respectively. 

Analysis of high-speed photographs; suggested mecha- 
nism of action of the impingers. Apparently, the high 
velocity of the air stream results in the formation of a 
definite jet or stem at the exit of the orifice as indicated 
in figure 2. This jet is oscillating and sometimes a bubble 
is formed directly at the tip of the stem, and other 
times it simply breaks into numerous smaller bubbles. 
It is a combination of the jet formation and large and 
small bubble generation that seems to account for the 
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Fic. 2. High-speed photograph of 0.2 L per min critical 
orifice liquid impinger in operation. 


ability of the critical-orifice liquid impinger to remove 
particles from the air stream. Considering the results 
of the studies on internal geometry, it is assumed that 
re-atomization occurs whenever this jet strikes a solid 
surface. 

In conjunction with the rate of flow through the 
impinger orifice, the configuration and size of the jet 
may affect the action occurring at the contact surface 
of the jet stream and liquid. It is reasonable to believe 
there may be advantages in using the smaller diameter 
orifices. If the concentration of particles per unit 
volume is assumed constant, a small jet stream may 
increase the probability of immediate contact occurring 
for a given surface contact area. [For further considera- 
tion of these factors, reference is made to the excellent 
review by Haney (1954), and to the original articles 
cited in that review.| 

Efficiency of the samplers for bacterial aerosols. It is 
Virtually impossible to determine the absolute  effi- 
ciency of the critical-orifice liquid impinger under 
conditions of operation. By collecting on cotton the 
spores which passed through the impingers, Rosebury 
(1947) estimated the efficiency of the impinger as 


greater than 95 per cent. A comparative study by 


Kluyver and Visser (1950) showed Rosebury’s capillary 
impinger to be more efficient than bubbler samplers, 
and estimated that the capillary impinger collected 
more than 99 per cent of airborne spores. In a recent 
comparative study, Orr et al. (1956) have shown the 
value of a thermal precipitator developed by this 
group (Kethley et al., 1952) for aerobacteriologic 
studies; their results also indicate a high efficiency for 
the critical-orifice impingers. Although the 
thermal precipitator is considered as essentially 100 
per cent efficient, the limitations of a solid surface 
sampler and the ability to aliquot a liquid sample 
prompted us to explore further the use of liquid im- 
pingers. The results of a limited number of comparative 
studies were so unfavorable to other samplers tested 
(sieve-samplers, Greenberg-Smith and midget impin- 


liquid 


gers) that no further attempts were made to use 
routinely any sampler other than the 1.0 L per min 
critical-orifice liquid impinger (Kethley ef al., 1956). 
The most convincing proof of the very high efficiency 
of these samplers results from studies showing close 
agreement between calculated and determined par- 
ticle diameters of bacterial aerosols in which the air 
samples were taken with critical-orifice liquid impingers 
(Kethley et al., 1957). Any efficiency significantly 
less than 100 per cent would have yielded determined 
values of particle diameters larger than the calculated; 
the method of determination involving a comparison 
of the aerial concentration and the numbers settling 
per min. 


SUMMARY 


The effect of a number of factors has been determined 
for the critical-orifice liquid impinger in the sampling 
of bacterial aerosols: internal geometry and rate of 
flow through the sampler; composition of the collecting 
fluid; temperature of the sampler; concentration of the 
bacterial aerosol. It has been shown that, properly 
designed and used, the critical-orifice liquid impinger 
exhibits a high degree of effectiveness in sampling bac- 
terial aerosols. The most effective critical-orifice liquid 
impinger for this purpose is the 1.0 L/min in a 1-quart 
milk bottle containing 200 ml of gelatin fluid enriched 
with brain-heart infusion, the tip containing the orifice 
being immersed beneath the surface of the liquid, but 
not less than 2 em from the bottom of the container. 
Under ordinary conditions, the effectiveness of such 
a sampler is adversely affected only by temperature, 
being reduced at temperatures as high as 32 C. The 
reproducibility, ease of use and manufacture of these 
samplers commend their employment in the collection 
of airborne bacteria under a variety of conditions of 
particle size, relative humidity, temperature, periods 
of sampling, and concentrations of the airborne bac- 
teria. 
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The common problem of improving biosynthetic 
yields has usually been met by investigating factors 
one at a time while holding the others constant. Ex- 
perimental designs that allow a number of factors to 
be varied simultaneously and the effect of each factor 
to be calculated from the results, have been recognized 
in many fields to have important advantages (Bennett 
and Franklin, 1954; Cochran and Cox, 1950; Davies, 
1954; Finney, 1955; Gore, 1950, 1951). An application 
to penicillin yield improvement in pilot-plant studies 
has been described by Brownlee (1950, 1953). There 
can be little doubt as to the value of such designs in 
the phase of biosynthetic yield improvement wherein 
preliminary investigations have disclosed important 
factors, the optimal combination of these factors must 
be approximated, and experimentation is expensive, 
as it usually is where fermentors must be used. 

The initial phase of biosynthetic yield improvement, 
however, involves a search for the more favorable con- 
ditions and a rough recognition of the more critical 
and the less critical factors. A peculiarity of the problem 
lies in the tremendous variety of choices of potentially 
important 
strain 


than in 
hundreds or even 
thousands of strains must be tested. Also, the necessity 
for preoccupation- with the higher yields (that is, with 
the best available approximations of optimal levels or 
choices of the more important factors) virtually forces 
a sequential type of experimentation. Success in the 


factors, nowhere more evident 


selection where possibly 


' Presented in part before the Society for Industrial Micro 
biology, American Institute of 
Lansing, Michigan, Sept. 6, 1955. 


Biological Sciences, East 


initial phase of the investigation is measured not so 
much by a detailed knowledge of the interaction of fae- 
tors as by the finding of one or a few combinations of 
factors that give encouraging yields. 

The initial phases of investigations are the more 
difficult to formalize, and are usually dismissed in the 
handbooks of experimental design by such phrases as 
“preliminary experimentation” (meaning ‘“‘nonstatis- 
tically designed experimentation’’), ‘‘knowledge, ex- 
perience and ingenuity of the investigator,” and so 
forth. Indeed, one may suggest that a preoccupation 
with statistical design in this phase is hazardous if 
interest is diverted from consideration of the wide 
range of biologic and biochemical factors that may al- 
fect biosynthetic yields.-However, we believe that some 
of the advantages of multiple-factor experimentation 
may be had in preliminary investigation of biosynthetic 
yields without resort to statistical design of exper'- 
ments, the risks being essentially those inherent in the 
classical one-factor-at-a-time approach whether the 
latter is done under statistical control or not. It is also 
to be hoped that more investigators of biosynthetic- 
vield improvement will try statistical designs and that 
investigators of experimental design will make pro 
posals better adapted to relatively brief surveys 
very large numbers of variables. 

In an exploration of this problem we have allocated 
choices or levels of various factors formally according 
to an array of the latin square type, ignored unobvious 
interactions between variables, and omitted estimates 


of significance in the interest of covering the widest 
possible ground in the time available. We suggest that 
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precise evaluation of primary effects and interactions 
be reserved for a later phase of the investigation, 
where improvements are likely to be smaller and esti- 
mates of significance correspondingly more important. 
It is quite likely that initiation of the second phase 
would correspond to the transition from shake flasks 
to fermentors, wherein the translation of results is 
likely to be qualitative rather than quantitative. 

Our proposal is illustrated with data from an effort 
to increase the biosynthetic yield of aterrimin, an anti- 
biotic complex produced by Bacillus subtilis var. 
aerrimus strain NRRL B-1471 (Lewis et al., 1953; 
(;. Alderton and N.S. Snell, 1954, Personal communi- 
cation). 


IeXPERIMENTAL METHODS 


Stock cultures were carried on beet molasses agar 
slants (table 1), with incubation at 35 C for 1 day and 
storage in the refrigerator between infrequent trans- 
fers. Phage-resistant substrains of B. subtilis var. 
aerrimus strain NRRL B-1471 were obtained from 
isolated colonies on beet molasses agar plates from 107!° 
dilutions of experimental cultures of strain B-1471 


that had lysed and regrown spontaneously during the 


TABLE 1. Media* 


; ’ Inoculum |Experiment Experiment 
Componen Stock Agart : : - 
omponent , ; medium 2 s 


Sugar source seet Sucrose | Cane 
mo mo 
las las- 
Ses ses 
Sugar cone ([%) 0.5 2.5 3 
Organic N source Yeast Yeast N-Z N-Z 
ex ex Am Am 
tractt tract ine§ ine 
Organic N supplement) 0.5 0.1 2 2 
cone (%) 
Diammonium citrate | 0.1 0.5 0.81 12 
%) 
NH y)sHPO, (% 0.085 0.425 0.17 
SO, (07) 0.02 0.1 0.068 
NaSO, (%) 0.1 0.2 
NaCl (©7) 0.2 
Agar (°7) 1.5 
Trace elements® Oo: 1X 0.5X LX 1X 
Giving NH4-N (ppm 300 1500 1850 
Giving POy-P. (ppm 200 1000 400 
Giving K (ppm) 225 150 


* pH to 7.0 with NH,OH (or NaOH or HCI if appropriate) 
before sterilizing at 15 lb steam pressure for 12 min. 

+ Agar 1.5 per cent for slants and base layer; 1 per-cent 
for inoculum layer in assay plates. p-Nitrobenzoate (0.1 per 
cent) added to assay agar. 

t For Sarcina lutea only. 

§ Enzyme-digested casein, type B (Sheffield Chemical Co., 
Norwich, New York). 

"1X gives Mg++ 50, Mn** 50, Ca*+ 
Co** 2 ppm (as chlorides). 


20, Fe+** 5, Zn** 5 and 


course of shake flask culturing. These substrains are 
designated B-1471R1, B-1471R2, and so forth. 

Inoculum was prepared by adding one-tenth of the 
growth on a slant culture to 25 ml of inoculum medium 
(table 1) in a 250-ml Erlenmeyer flask and shaking 
at 35 C for 18 hr. One per cent by volume (usually 
0.5 ml) was used to inoculate experimental flasks. 

Cultures ordinarily were grown at 35 C in 50 ml 
of medium in undented 500-ml cotton-stoppered Erlen- 
meyer flasks on a rotary shaking machine operating 
at 125 rpm with a 1.3-cm radius of gyration. After 
about 36, 48, and 60 hr of incubation, 2.5-ml samples 
were removed with sterile pipettes for determination 
of pH, turbidity, and aterrimin. 

Inasmuch as several antibiotics are produced by 
B. subtilis strain B-1471 (Snell et al., 1956; G. Alderton 
and N.S. Snell, 1954, Personal communication), it was 
desired to have a rapid assay that would be fairly 
specific for the aterrimin complex in crude cultures. A 
strain of Sarcina lutea was found to be inhibited only 
by the aterrimin spots when paper chromatograms of 
whole cultures of strain B-1471 were developed with 
tertiary butyl alcohol:acetic acid:water (74:3:25), 
dried (Snell et al., 1956) and placed on inoculated agar 
plates. To avoid spreader colonies of B. subtilis in 
cylinder plate assays of whole cultures of strain B-1471 
with S. lutea, 0.1 per cent sodium p-nitrobenzoate was 
added to both base and inoculated-agar layers. The 
inoculated plates were stored up to several days in the 
refrigerator and then incubated at 35 C for 18 hr after 
samples were added. 

Aterrimin assays of experimental cultures of B-1471 
were made on samples taken at 12- to 24-hr intervals 
and stored without adjustment at about —20 C for as 
long as 2 days. Harvest time was a very important 
factor in yield of aterrimin. However, it was found that 
aterrimin activity dropped sharply as pH rose beyond 
the range 7.5 to 7.8 (regardless of whether the samples 
were assayed at once or after frozen storage) so that 
the time of peak yield could be predicted from the pH 
course of the culture. Whole culture was stored frozen 
to serve as a reference between assays and between 
cultural experiments. Inasmuch as primary interest 
is attached to percentage increases in aterrimin yield, 
the differences in average zone diameters given by the 
reference culture and the experimental cultures were 
used directly. In cylinder plate assays zone diameter 
usually varies with the logarithm of the concentration. 
A doubling in potency corresponded to a difference 
in diameter of about 3 mm (or 9 mm for the sum of 
three flasks). 

An experiment usually consisted of a set of nine 
shake flasks with four experimental variables (factors), 
ach at three levels (or choices), arranged in a 3 by 3 
graeco-latin square (table 2). Each 4-digit code num- 
ber in the table indicates the treatment applied to a 
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TABLE 2. A 3 by 3 graeco-latin square* 
Avg 
No. 1—1111 No. 2—2123 | No. 3—3132 | mlmm 
No. 4—1222 | No. 5—2231 No. 6—3213 | m2mm 
No. 7—1333 | No. 8—2312 | No. 9—3321 | m3mm 
Avg. Immm 2mmm 3mmm 
Rearranged Square 
No. 1—1111 No. 9—3321 No. 5—2231 mmm! 
No. 8—2312 | No. 4—1222 | No. 3—3132 | mmm2 
No. 6—3213 No. 2—2123 No. 7—1333 mmm3 
mmIim mm2m mm3m 


Avg. 


* Nine flasks with 4 varied factors, each at 3 levels = 1, 2, 


and 3. ‘‘m’”’ indicates an averaged contribution from 3 levels. 


TABLE 3, First 


Treatments pH at 
Flask No. ; N-Z- Sugar . 
Vol Pell ae Substrate Concen- 24 hr | 48 hr | 72 
tration 
ml Q Q 
1 25 0.5 Sucrose 1.5 7.1) 85.18 
2 50 0.5 | Mixture 6 G2} eel 16 
3 100 0.5 Cane molasses 3 6.2 | 6.6 | 6 
4 25 1 Mixture 3 120) 7.2 |B. 
5 50 1 Cane molasses 1.5 | 6.8} 6.8 |) 8. 
6 100 1 Sucrose 6 6.0 | 5.6 | 6 
7 25 2 Cane molasses 6 6.1 | 6.6 | 7 
8 50 2 Sucrose 3 6.5 | 6.5 
9 100 2 Mixture 1.5 6.6 | 6.0 
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Interpretation of such an experiment is discussed jn 
the next section in connection with the results of the 
first experiment. 

In studying new factors we tried to start from the 
best condition already found. There was usually no 
replication beyond that implicit in the design, except 
for retests in new combinations of the more promising 
factors or of factors suspected of interactions. (In 
some experiments samples from duplicate flasks were 
pooled.) The factors differed quantitatively, as jn 
concentration of nutrients or in temperature of incuba- 
tion, or qualitatively, as between sugar sources or 
strains of inoculum. Concentrations sometimes. jn- 
cluded the absence of added substance and two levels 
of addition. Geometric spacing of concentrations fre 


experiment, treatments and assays* 


Turbidity* at Activity* at 


hr 96hr 24hr | 48hr | 72hr 96hr 24 hr 


48 hr 72 hr 96 hr 
.2| 7.9 | 158 | 280 | 230 | 215 0.3 | —4.7 | —6.6 —7.6 
7 | 7.0 | 190 | 255 | 260 | 265 | —3.9| —3.0| —2.4 —3.5 
5 | 6.8 | 140 | 160 | 160 | 158 | —5.4 | —5.2 | —2.8 —3.7 
2 | 8.1 | 165 | 300 | 320 | 240 | —2.3 1.0} —5.1 —5.2 
1 | 8.3 85 | 215 | 280 | 225 | —3.5 0.7 | —6.1 —7. 
.2| 6.5 | 100 | 160 | 155 90 | —3.2 | —3.9 | —4.3 —3.9 
2 | 8.4 | 290 | 380 | 480 | 4380 | —5.0 | —4.2 1.77 | -5.9 
2 7.8 | 150 | 150 | 260 | 290 | —4.3 | -—1.5 1.2 —0.1 
0 6.6 92 80 92 60 | —5.4 | —4.6 | —4.5 —4.4 


* The basal medium contained inorganic components of twice the concentrations shown for the inoculum medium (table 1): 


250-ml flasks were used for this experiment only. Turbidities are Klett readings on 1/10 dilutions. Activities are average differences 
in inhibition zone diameters between sample and standard. A 50:50 mixture of sugar as sucrose and cane molasses was tested. Peak 
turbidities and activities are italicized, as are the samples from cultures about to traverse the range pH 7.5 to 7.8. 


+ Best yield. 


certain flask; the three levels of a particular factor 
are indicated by 1, 2, and 3; factor a is shown by the 
first digit of the code, factor b by the second digit and 
so forth. Each flask receives a different treatment. 
Thus flask no. 2 receives the second level of factor a, 
the first level of factor b, the second level of factor c, 
and the third level of factor d. Assuming independence 
of factors, the averages of columns (and rows) have the 
property that mean contributions (indicated by m) are 
obtained for three of the factors, whereas the other fac- 
tor is represented by a particular level of that factor. 
Thus the average for the first column of the stop 
square, /mmm, indicates that the average of the re- 
sponses in flasks no. 1, 4 and 7 will arise from factor a 
operating at its first level, and from average contribu- 
tions of the other factors. The bottom square is merely 
a rearrangement of the treatments (flasks) shown in 
the top square; this rearrangement allows for ready 
inspection of effects to be attributed to factors ¢ and d. 


quently is more efficient than arithmetical spacing in 
covering the experimental range. 


RESULTS AND DISCUSSION 


The treatments used in the first experiment, together 
with the assays of periodic samples, are shown in table 
3. For interpretation these data have been arrayed 
in table 4 in squares according to the scheme of table 2. 

The sums of columns and rows would indicate the 
more beneficial (or detrimental) levels or choices of the 
four factors if there were no interactions betwee 
factors (that is, nonadditive effects of factors). In the 
scheme used, no estimates of interactions are possible; 


the effects of interactions are mixed inseparably (0! 
confounded) with the primary effects of the factors 
and what appears to be a primary effect of one facto! 
may be partly or wholly caused by interactions of othe! 
factors. That this confusion can be tolerated, in view 





1957] 


> Pe 


of the 
absen 
l'ro 
varion 
tion ( 
or 2 p 
or can 
sibly 
and \ 
Howe 
table 


1C (7 








in 
the 


the 

no 
ept 
‘ing 
(In 
vere 

in 
iba- 
; or 

in- 
vels 
fre 


6 hr 


' 
ww 
> +1 


—().1 
“ts 
le 1); 


rences 


. Peak 


ng in 


rether 
table 
rayed 
ible 2. 
te the 
of the 
tweell 
In the 
ssible; 
ly (or 
UCTOrS, 
factor 
* other 


1 vier 





1957 INCREASING BIOSYNTHETIC YIELD OF ATERRIMIN 127 


TaBLeE 4. Arrays of effects of treatments in the first experiment 


(Units as in table 3) 


Original Square 


Sums Treatments 


Rearranged Square 


Sums Treatments 
A. Peak Aterrimin Activity 

0.3 —2.4 —2.8 —4.9 0.5 0.3 —4.4 0.7 —3.4 1.5 

1.0 0.7 —3.2 —1.5 1 2 1.0 —2.8 —0.6 ¢ 

1.7 1.2 —4.4 —-1.5 2 ‘—3.2 —2.4 1S —3.9 6 

3.0 —0.5 —10.4 (% N-Z- —1.7 —5.8 —0.4 (% sugar) 

Amine) 
25 50 100 Sucrose Mixture Cane 
(ml of medium) mo- 
lasses 
B. Aterrimin Activity at 24 hr 

0.3 5.9 —).4 —9.0 0.3 —5.4 —3.5 —8.6 

—2.3 3.5 —3.2 —9.0 —4.3 —2.3 —5.4 —12.0 

—5.0 1.3 —5.4 —14.7 —3.2 —3.9 —5.0 —12.1 

—7.0 1.7 —14.0 —7.2 —11.6 —13.9 

C. Aterrimin Activity at 72 hr 

—6.6 2.4 —2.8 —11.8 —6.6 —4.5 —6.1 —17.2 
—5.1 —6.1 —4.3 —15.5 KZ —5 —2.8 —6.7 

Lt 1.2 —4.5 —1.6 —4.3 —2.4 lisa —5.0 
—10.0 —7.3 —11.6 —9.7 —12.0 —7.2 

1). Time for Peak Activity 

24 72 72 168 24 96 48 168 

48 18 24 120 72 48 72 192 

72 72 6 240 24 72 72 168 
144 192 192 120 216 192 

Kk. Time* Just Before Rise Above pH 7.2 

24 120 120 264 24 120 48 192 

{8 tS 120 216 72 48 120 240 

72 72 120 264 120 120 72 312 
144 240 360 216 288 240 


* Periods greater than 96 hr were arbitrarily assigned as 120 hr. 


of the benefits gained in number of factors covered and 
absence of computations, will be argued below. 
From the sums of rows and columns in table 4A 
Various suggestions were made: relatively efficient aera- 
tion (25 ml vs 50 or 100 ml) favors high activity as do | 
or 2 per cent N-Z-Amine, 3 per cent sugar, and sucrose 
or cane molasses but not the mixture. All except pos- 
sibly the last observation appeared to be reasonable 
and were accepted as a basis for the next experiment. 
However, it is instructive to compare results from 
table 4B (24-hr incubation) with those from table 
4C (72-hr incubation). Whereas 25 ml of medium ap- 


peared best at 24 hr, 50 ml appeared best at 72 hr. 
Similar shifts appear with the other variables. These 
shifts arise from the fact that activity increases ini- 
tially as growth proceeds, then falls as the pH progresses 
beyond the range pH 7.5 to 7.8 so that the activity: 
time relationship tends to have a sharp optimum 
(table 3). The time for the optimum changes with other 
variables: thus 25 ml of medium, | per cent N-Z-Amine, 
and sucrose as a sugar source appear to favor early 
optima (table 4D). If time of incubation had been in- 
troduced as one of the variables in the graeco-latin 
square instead of being eliminated by periodic sampling 
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to obtain peak yields, interactions between time of 
incubation and the other factors would have made the 
results difficult or impossible to interpret. This is the 
risk in the experimental scheme proposed in this paper, 
and the only safeguard is the experience and judgment 
of the investigator. For example if both growth and 
activity appear to be reduced at a low level of an essen- 
tial nutrient one would not hesitate to proceed on the 
assumption that that level was inadequate. On the 
other hand, if large numbers of factors are investigated, 
most are likely to be without effect thus lessening the 
dangers of interactions. Retests in new combinations 
of what the investigator believes to be the more impor- 
tant factors also are an important safeguard. 

Even if an interpretation were incorrect, by reason 
of an unsuspected interaction of other factors, it is not 
likely that much harm would result. If appreciable 
progress in raising yield were being made, a decidedly 
different area of factor combinations would be under 
investigation and information on lower yielding areas 
would be obsolete. However, if progress in raising yields 
seemed at an end the preliminary phase of the investi- 
gation also would be at an end. At this time the inves- 
tigation might be ended if yields were very poor; on 
the other hand statistically designed experiments in 
shake flasks or in fermentors might be appropriate. 

rom other data of table 3 it appeared that (1) a 
rise of pH through the range 7.5 to 7.8 was accompanied 
by a fall in activity (a result confirmed by all of our 
experience; (2) the pH rise was a better index of the 
time for peak activity than the turbidity plateaus; (3) 
the pH rise was delayed (table 4) by high sugar, and 
especially by the less efficient aeration but a delay of 
the pH rise does not necessarily imply the best aterri- 
min yield. 

A set of conditions was found that gave 1.7 units per 
ml, a result reliable within the biologic and assay error. 
However, this set of conditions may not have been the 
best possible combination of these particular levels of 
the variables in that 6 per cent sugar may have been 
somewhat excessive. 

With a good set of conditions from the first experi- 
ment as a starting point, incubation temperature, po- 
tassium, ammonium, and phosphate concentrations 
were varied in another set of nine flasks (experiment 2, 
table 5). The high phosphate concentration used pre- 
viously appeared to be very detrimental, and possible 
effects were suggested for the other factors. The best 
condition (27 C, 100 K, 500 P, 0.25 N) gave a yield of 
4.8 units per ml; the condition 27 C, 30 K, 250 P, 0.1. N 
was almost as good. Although 27 C appeared to be some- 
what superior to 35 C, the latter was chosen to obtain 
rapid propagation. 

In the third experiment we changed to a sucrose me- 
dium to avoid complications from the nonsugar con- 
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TaBLeE 5. Summary of effects on peak aterrimin yields 
(The effects of variations in treatments are given in order ee 
sums for columns and then for rows in the original square, and 
then for the rearranged square.) 


Sums of Differences in Assay 


Treatments i 
a Zone Diameters* 


yp > 2 er adj 1] os » ‘ Ee ‘ } ‘ 
Experiment 2. Basal medium (with cane molasses) as given in 
table 1; 50-ml aliquots in 500-ml Erlenmeyers; harvests at 
24 to 84 hr by 12-hr intervals 


Incubation temp: 27, 30, 35 C 11.6 i 


l ‘9 

K as KCI: 30, 100, 300 ppm 7.9 9.5 6.2 

P as Na»eHPO,: 250, 500, 1,000 10.3 ‘7.2 2.1 
ppm 

N as NH,C1: 0.1, 0.25, 0.4% 9.1 8.4 6.1 


Experiment 3. Basal medium as in Experiment 2 except sucrose 
instead of cane molasses; 1 per cent disodium citrate 
instead of diammonium citrate 


N as NH,C1:0.1, 0.2, 0.4% 2.6 2.4 13 
N-Z-Amine:0.5, 1, 2% —4.0 2.4 8.0) 
K as KCI: 30, 100, 300 ppm —5.0 5.9 5.4 
P as NasHPO,: 250, 500, 1000 ppm 1.3 3.6 =1s 


Experiment 8. Basal medium given in table 1; 3 per cent sugar 


Strain: B-1471, R7, R20 ise 5:2 7.6 
Sugar: sucrose, glucose, maltose 5.9 23 11.3 
Initial pH: 6.0, 6.5, 7.0 6.7 7.8 5.5 
Sterilization: steam 20 min; 10 Ib 1.4 8.5 yi 


for 10 min; 10 lb for 30 min 


Experiment 10. Basal medium as in Experiment 8 but Ca and 
N-Z-Amine omitted; Mg reduced to 10 ppm 


Sugar: sucrose, maltose, glucose 2.0 bo 1.4 
Tween 20:7 0, 0.1, 0.5% 1.2 3.9 1.6 
Organic N source at 2°: N-Z 1.5 5.6 -3.4 
Amine, Casamino acids,f{ veast 
hydrolyzate 
Ca 20 ppm; no added Ca; Versene 3.5 2A 1.1 


acid§ 0.01% 


Experiment 11. Basal medium as in Experiment 8 but K.S0, 
and Fe omitted; Mg reduced to 10 ppm; 3 per cent maltose 


Fe, 5 ppm; no added Fe; Versene 


Fe-3 Specifie™ 0.1% IBY Dd 3.0 
tiboflavin, 50 ppm; folie acid, 50 

ppm; pantothenate, 20 ppm 3.1 1.8 3.5 
K, 200 ppm; 1:1 mixture; rubid- 

ium, 200 ppm 7.2 Pe —1.5 
Dried whole egg: 0, 0.1, 0.5%; 1.9 3.4 5.1 


* These differences are not comparable from one experiment 
to another. 

+ Polyoxyethylene sorbitan monolaurate (Atlas Powder 
Co., Wilmington, Delaware). 

t Acid hydrolyzate of casein (Difeo Laboratories, Detroit, 
Michigan). 

§ Ethylenediaminetetraacetic acid (Bersworth Chemical 
Co., Framingham, Massachusetts). 

© N|N-dihydroxyethylglycine (Bersworth Chemical Co), 
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stituents of molasses. Detrimental effects of reductions 
in potassium and N-Z-Amine concentrations became 
more clearly evident than before; the detrimental ef- 
fect of 1000 ppm PO,-P was confirmed. The lower level 
of potassium (30 ppm) limited growth (turbidity) and 
svrowth rate but speeded the rise in pH; the other fac- 
sai appeared to have no effect on growth. The maxi- 
mum yield (4.7 units per ml) was obtained with 100 
ppm potassium, 250 ppm PO,-P, 2 per cent N-Z-Amine 
and 0.4 per cent NH;-N. The latter may have been 
somewhat inhibitive; if so, the best combination of 
conditions was not tested. 

Several experiments were run on sucrose medium to 
establish tolerable limits for inorganic elements; no 
pronounced effects were apparent with (concentrations 
in ppm); calcium—1,10,100; cobalt—0,1,10; sodium 
5,50,500; zinc—0O,1,10; 1,10,100 (100 
questionably inhibitive); manganese—0.5,5,50; 50S 

30,100,300; ferric iron 
gus juice or yeast extract. 

A phage infection appeared in our fourth experi- 
ment; subsequent tests of 20 resistant substocks sug- 
gested none to be clearly superior for aterrimin yield, 
and some appeared to be much poorer than B-1471. 
Inclusion of three strains in the design appeared to offer 
no difficulty but, of course, effects of variation in inocu- 
lum would not be distinguishable from real strain 
differences. How to handle strain selection efficiently 
in biosynthetic yield studies offers a difficult problem; 


magnesium 


0,1,10; or the ash of aspara- 


it is usually necessary to test large numbers of strains, 
and optimal conditions may well be different for each 
strain. Multiple factor experiments would seem to be 
useful, but the most efficient design would depend on 
the number of factors (other than strain) that it is de- 
sired to vary. This in turn would depend on experience 
in the ways in which strains vary from one another. 

Experiment 8 suggested a stimulating effect of mal- 
tose; the three best flasks contained maltose and as- 
sayed about 8 units per ml regardless of the combina- 
tions of the other factors. (In subsequent experiments 
maltose usually gave better yields than sucrose; aver- 
aging about 50 per cent higher.) Glucose appeared to be 
inferior to sucrose. Autoclaving appeared possibly su- 
perior to steaming. 

Experiment 10 suggested casamino acids to be as 
good as N-Z-Amine but a yeast hydrolyzate to be much 
inferior. Tween 20 at 0.1 per cent gave the quickest 
peak of activity and a good yield. The best yield was 
5.8 units per ml with sucrose, casamino acids, no added 
calcium, and 0.1 per cent Tween 20; probably not an 
optimal combination of these factors. 

Experiment 11 was made with maltose medium. Ru- 
bidium was ineffective in supporting production of 
aterrimin, and, indeed, it may be competitive with 


potassium inasmuch as 100 ppm potassium had ap- 
peared to be fully effective in other experiments. Rubid- 
ium in the absence of added potassium allowed a good 
though not a maximal level of growth. Dried whole egg 
appeared to stimulate aterrimin (in another experiment 
egg yolk was ineffective). The maximum yields were 
7.0 units per ml with potassium, Versene Fe-3 Specific 
or no added iron, folic acid or pantothenate, and 0.5 
or 0.1 per cent whole egg. In an experiment with mal- 
tose base medium extracted three times with oxine in 
chloroform prior to the addition of trace elements, seven 
levels of added iron between 0.1 and 10 ppm and no 
added iron as the only variables (one-factor-at-a-time 
design) gave apparently randomly distributed aterri- 
min yields between 7.3 and 8.4 units per ml. 

Various factors were inhibitive to aterrimin yield; 
besides those mentioned, marked depressions were ob- 
tained with cottonseed oil meal and linseed oil meal 
(3 per cent), yeast extract (0.5 per cent), sodium oleate 
(0.5 per cent). Many additives appeared to be inert. 
Starch gave good results as the sole carbohydrate. 

In an experiment that appeared to lack effective 
variables (no variation in pH course or peak yield), 
the standard deviation of peak aterrimin yield was 
about 8 per cent of the average; in most other experi- 
ments estimates of error were not made. Increased pre- 
cision would have required more replication, in which 
case better experimental designs with estimates of 
interactions would probably be preferable. However, 
from the standpoint of a preliminary selection of varia- 
bles, 14 experiments with 126 flasks permitted trial of 
some 40 factors, levels, strains, or supplements with 
rough estimates of their effectiveness or tolerable 
ranges. Indeed, starting with considerable experience 
in propagation of Bacillus strains, the first two experi- 
ments suggested at least five important variables and 
raised yields about 4-fold over the arbitrarily chosen 
initial condition used in exploratory trials. The maxi- 
mum increase from the whole study was about 7-fold— 
a somewhat disappointing result that must be attrib- 
uted to a lack of inspiration in the choice of treatments 
and to a lack of luck and persistence in the selection of 
strains. 

Some comments on other experimental designs may 
be appropriate. Many people will consider skipping 
estimates of error and interactions to be too drastic 
even for a preliminary screening of factors; they may 
prefer sequential use of some other type of factorial 
experiment that gives these estimates at the expense of 
increasing the scale of experimentation or decreasing 
the rate of introduction of new factors. However, as 
stated by Bennett and Franklin (1954, page 599), “The 
experimenter requires flexibility of design so that pre- 
liminary results may be used to determine the pattern 
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of subsequent work ... At the same time he requires 
that when the experimental program is completed the 
data shall be analyzed completely. Unfortunately these 
properties appear incompatible, since the significance 
tests in the joint analysis must be biased if the decision 
to carry out [subsequent work] is based on results ob- 
tained in the earlier work.”’ This dilemma is resolved by 
frank separation of the preliminary and the statis- 
tically interpretable experimentation. Also, the condi- 
tions of experimentation may change; preliminary 
explorations may be done with shake flasks, whereas de- 
terminations of optimal conditions may more appro- 
priately be done in fermentors. If work with fermentors 
must be done regardless of the yields attained in shake 
flasks, statistical estimates of the results of the former 
may be much less important. In any case, in the early 
stages of a program for improvement of biologic yield, 
more than rough estimates of error are unnecessary. 
Any substantial improvement in yield renders the ear- 
lier data obsolete, inasmuch as such data then define the 
effects of factors at a low and thus unimportant level 
of biosynthetic yield. Once the yield has tended to 
plateau, other experimental designs are likely to be more 
useful in defining the less marked effects that must be 
studied, because efficient estimates of error then become 
more important. 

Alternative procedures that yield statistical esti- 
mates are given by Cochran and Cox (1950) and Davies 
(1954). Brownlee (1950, 1953) has illustrated the use of 
fractional replication of factorial designs with special 
reference to the biosynthesis of penicillin. Gore (1950, 
1951) has illustrated the sequential use of latin squares 
to build up a complete factorial design. Youden and 
Hunter (1955) have discussed partial replication in 
latin squares, and pointed out the dangers of ignoring 
interactions. 

Friedman and Savage (1947) compared a factorial 
design with a one-factor-at-a-time design, discussing 
time trends and secondary maxima. 

With experimental material subject to only small 
analytic and biologic variations the ‘‘method of steep- 
est ascent” [see Box (1954) and Chapter 11 of Davies 
(1954)| might be applied to selected groups of factors. 
However, Finney (1955, p. 115) has expressed the opin- 
ion, “The generally lesser stability of conditions produc- 
ing maxima in biological phenomena (because of ex- 
traneous uncontrolled factors) makes doubtful whether 
the methods will find much application in biology.” 
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SUMMARY 


The problem of design of experiments to raise bio- 
synthetic yields and the inadequacy of the one-factor- 
at-a-time approach are discussed. The distinction be- 
tween a preliminary selection of important factors and 
a precise determination of the optimal combination o 
selected factors is emphasized. For the former purpose, 
introduction of factors four at a time into sequential 
3 by 3 graeco-latin squares gives a rapid method of 
testing many factors with use of information as it is 
obtained and without elaborate calculations. The pro- 
cedure is illustrated by experiments that raised the 
biosynthetic yield of aterrimin, an antibiotic complex, 
7-fold. 
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Serratia marcescens, & Nonpathogen, greatly facil- 
itates the general study of airborne bacteria. However, 
the value of many studies has been lessened by the 
omission of strain designation which makes comparison 
of results from different investigators impossible. 

The presence of variants in S. marcescens strain 
ATCC 274 used in these studies has been reported 
previously (Bunting, 1940a, b, 1942; Bunting and 
Ingraham, 1942). In our laboratory the test variant of 
this strain exhibited stability of response to atmospheric 
exposure over a considerable period of time but then 
the standard 


began showing aberrant responses to 


atmosphere test condition. A study of the variants 
isolated from S. marcescens strain ATCC 274 and their 
stability and response to atmospheric exposure as air- 
borne particles was made. Tl.e essential purpose was 
to characterize the stable variant in this strain so that 
constancy of response of the test culture could be as- 
sured. 

The need for standard organisms to be used in the 
study of airborne bacteria under various conditions of 
temperature, relative humidity, and aerial disinfection 
should be evident. Such practice is of long standing in 
The 


particular organism reported here is not presented as 


the evaluation of bactericides and antibiotics. 
a suggested standard test bacterium but to indicate 
the variations encountered and their significance within 
a specifically designated culture when used in studies 


of airborne bacteria. 


MATERIALS AND MeEtTHODS 


Cultures. The culture as received from the American 
Type Culture Collection was differentiated on the 
basis of colony chromogenicity. Nutrient agar (2.3 per 
cent) plates were made from beef extract broth cul- 
tures (60 ml—0.3 per cent) grown for 48 hr at 30 C. 
Incubation of the plates was at 30 C for approximately 
12 hr and then at 20 C for an additional 12 to 24 hr 
lor pigment development. Typical colony forms of the 
primary variant characterized by circular, smooth, 


red-carmine to orange-red colonies were transferred 


' These studies were aided in part by the National Institutes 
of Health grant-in-aid, RG-2771, and in part under Contract 
No. AF-18(600-1119), Arctic Aeromedical Laboratory, R & D 
Project No. 8-7958, U.S. Air Force. 


into beef extract broth culture and incubated at 30 C. 
live serial transfers at regular intervals of 45 to 48 hr 
were made before using the culture in aerosol tests. 
The use of broth cultures 45 to 48 hr old provides cells 
in the late logarithmic growth phase and a numerical 
density of 70 to 100 & 107 per ml. Stock cultures and 
isolated variants were stored on nutrient agar butts 
with mineral oil overlay for continuous storage of 
several months at 5 C. 

All media were standard Difco preparations. Water 
used was first distilled and then passed through a 
mixed-bed, ion exchange column (IRA 400 and IR 
120, Rohm and Haas).? 

Aerial test procedure. Airborne characterization of a 
stabilized culture was determined by the response of 
the airborne organisms atomized directly from a beef 
extract broth culture into the standard atmosphere of 
20 C and 65 per cent relative humidity. Procedures are 
described in detail in earlier publications (Kethley 
et al., 1956, 1957). 

General procedure. The bacteria were dispersed into a 
settling prechamber with a DeVilbiss* no. 40 all-glass 
atomizer so that the resultant 
least 90 per cent single-cell particles and none more 


aerosol contained at 


than two cells. This bacterial aerosol was then diluted 
with the standard test air and passed through a 4-ft 
cubic chamber, aerial samples being taken from the 
the 
dynamic die-away rates. For the determination of 


inlet, chamber, and exit for determination of 
static die-away rates, the chamber was closed off fol- 
lowing dynamic equilibrium and settling samples were 
taken with agar plates inserted into ports in the 
chamber floor. Settling plates employed either nutrient 
agar, or nutrient agar enriched with 16 g per L of 
brain-heart infusion. 

Aerial samples were taken with 1.0 L per min 
critical-orifice liquid impingers, each containing 200 
ml of either: 0.2 per cent aqueous gelatin (Pharmagel 
A)! buffered with 0.08 g anhydrous NasHPO, per g of 
gelatin; or gelatin solution enriched with 16 g per L of 
brain-heart infusion. In either medium one loopful of 

2 Rohm and Haas Co., Philadelphia, Pennsylvania. 


3 The DeVilbiss Co., Toledo, Ohio. 
‘ Pharmagel Corp., New York, New York. 
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antifoaming emulsion (Dow-Corning, AF)® was added 
to each sampler. 

Biologic death, /, and gravitational loss, /;, of the 
airborne organisms are factors in the total die-away, /,: 


log ny — log n, 
a tn) > 


{ 


he, 


where ng Is the initial number and 7, is the final number 
of viable organisms, and ¢ is the time in minutes. The 
value fA; is obtained from studies in the chamber 
system when operated dynamically or statically. 

Cellular dimensions. Cell dimensions and morphology 
were determined with phase contrast and electron 
microscopes. Specimen preparation for the electron 
microscope was a simple colloidin-film stripping of 
cells deposited on glass microscope slides. 


RESULTS 


Differentiation of variants; response to the standard 
aimosphere. During the course of studies on airborne 
bacteria in our laboratories, a variant culture isolated 
from S. marcescens strain ATCC 274, designated as 
culture ‘A,”’ was used as the test organism for a period 
of several months. The cultures employed were main- 
tained by serial transfer through beef broth every 44 
to 48 hr. During a period of several months a firm value 
for the die-away rate of this organism under the 
standard conditions was established as 0.034. After a 
lapse of several weeks, during which the culture was 
not employed in aerial testing, it was found that the 
culture exhibited a static /, greater than 0.07, indi- 
cating a reduced survival capacity under the standard 
atmospheric conditions. The stock nutrient agar slant 
was tested after transfer into broth. The static k, was 
determined to be 0.075, indicating a similar deteriora- 
tion of the stock culture undifferentiated as to variants. 

The original isolation of the test organism had been 
made on the basis of chromogenicity, and some atten- 
tion had been given to monitoring the culture for the 
appearance of color variants. However, no great in- 
crease in these had been noted, and a more definitive 
characterization of such differences as might account 
for the change in viability potential was sought. 

An entirely new specimen of S. marcescens strain 
ATCC 274 was obtained and transferred directly into 
beef extract broth without screening of the variants. 
This culture was designated as “Ic.”” A comparative 
study of the responses to the airborne state of organ- 
isms from ‘‘A”’ and “E”’ is reported in table 1. 

Although culture ‘“‘E”’ exhibited the same response 
under standard atmospheric conditions as that previ- 
ously established for the test strain, such a culture is 
inherently unstable because of the variants present. 
This instability became manifest in high static /;, 


> Dow Corning Corporation, Midland, Michigan. 
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TABLE 1. Comparison of total aerial die-away rates of cultures 
“A” and “E”* using various media for collection 


ky Calculated from Results from Various Samplers 
Dynamic runst Static runst 
Run No ; ee 
Plain Brain ' ie 
: ax Nutrient Nutrient 
gelatin heart agar agar plus 
fluid fluid » brain-heart 


Culture “A” 


l 0.059 0.045 0.075 0.067 
4 0.056 0.035 0.083 0.071 
3 0.046 0.040 0.076 0.063 
Avg 0.053 0.040 0.078 0.067 
Culture “E”’ 
1 0.036 0.054 0.045 0.042 
2 0.025 0.041 0.041 0.035 
3 0.054 0.021 
Avg 0.038 0.039 0.043 0.039 


* Undifferentiated as to variants —fifth serial transfer from 
newly received Serratia marcescens strain ATCC 274. 

+ Data obtained from critical-orifice liquid impinger 
samplers. 


t Data obtained from settling plate samplers. 


TABLE 2. Perce ntage distribution of colony forms in cultures 


“A” and “E”’ of Serratia marcescens strain 274 


No. of Colony color No. of 

; Broth Culture Colonies 
Transfers Blood-red | Red Pink | White | Counted 
100 wa Ni 15.7 79.7 1.3 0.3 1000 
20 ss | 0.0 98.0 1.8 0.2 1500 


TasBie 3. Stability of culture Serratia marcescens strain 274 “E” 


variants in serial broth transfer 


Per Cent of Various Colony Forms 


ye dad — ' Culture 3 = Colonies 
Blood-red Red Pink White Counted 
BR) (R) (P) (W) 
l Kk-BR 87.5 1.3 10.4 0.8 2,200 
k-R 0.0 100.0 0.0. 0.0 1,200 
-P 0.0 0.0 99.2 O.8 2,000 
1k-W 0.0 0.0 0.2) 98.8 2 000 
6 k-BR 7.9 87.7 Bo 1.2 3,800 
k-R 0.0 99.7 0.1 0.2 11,000 
K-P 0.1 8.5 | 89.8 1.6 3,000 
h-W 0.0 0.0 1.0 99.0 5,000 
15 k-BR Discarded 
Kk-R 0.0 100.0 0.0. 0.0 1,200 
k-P 0.0 80.3 | 13.4 6.3 1,193 
h-W 0.0 0.0 10.0 90.0 1,112 


‘values within 12 serial transfers made at intervals ol 


40 to 48 hr. Cultures ‘‘A”’ and “EE” were then differen- 
tiated as to variants on the basis of colonial chromogen- 
icity: BR (blood-red), R (orange-red), P (pink), and 
W (white). The distribution of these variants is showp 
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TaBLE 4. Die-away rates, airborne variants of Serratia 
marcescens strain ATCC 274, determined with agar 
settling plates 


Colony Forms 


No. of 
Broth Blood-red Red Pink White 
Transfers 
A* E A E At E A E 
3 0.042 0.005 | 0.017 0.035 0.005 0.039 
6 0.053 | 0.054 | 0.036 0.037 | 0.008 | 0.047 
7 0.049 | 0.010) 0.021 0.023 | 0.005 | 0.054 
8-19 0.031 


*Too few airborne to obtain values. 
t After two isolations, cultures lost the pink color, became 
predominantly red and were discarded. 
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response, the static /, values of airborne variants of 
“A” and “EK” cultures were determined and related to 
the number of transfers in broth. These results (table 
4) indicate a range of response among the variants of 
“A” from 0.005 to 0.054. The standard static k, (0.034) 
is found within the response range shown by E-R and 
E-P of culture “KE.” The variant E—-R was continued 
as the standard test organism, and from 11 subsequent 
determinations the static k, value of 0.031 was ob- 
tained. The variant EK-P was not used further in 
routine testing because the more highly pigmented 
variant K-R_ possesses the greater cultural stability. 
The incipient differentiation of the variants of K-P 
at the sixth transfer in broth is indicated in table 3. 





Fic. 1. Electron micrographs of variants of Serratia marcescens strain 274 culture ‘‘A”’ 
£ 


in table 2. The subsequent cultural stability of these 

variants of culture “E”’ related to serial transfer is 

shown in table 3. 
Because the 


statically determined death rates 


showed the greatest sensitivity to variations in viability 


Morphologic and dimensional characteristics of vari- 
ants. Microscopic examination (phase) of the undif- 
ferentiated broth culture “A,” which had evidenced an 
abnormal response to the standard atmosphere, showed 
a wide variation in cell size which ranged from 1.0 to 
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2.0 w in length and 0.7 to 1.0 » in width to 15 yp in 
length and 1.0 to 1.5 uw in width. Many of the longer 
filamentous-type cells showed loci of increased density 
to the electron microscope beam. Undifferentiated 
broth cultures of ‘E”’ showed a more homogeneous 
population with cells having lengths ranging from 1.0 
to 2.5 w and widths ranging from 0.7 to 1.0 uw. Electron 
micrographs of this culture indicate a uniform intra- 
cellular density. 

Electron micrographs of third-isolate variants show 
a significant morphologic and size variation among the 
variants of culture “‘A” (figure 1). The variants appear 
quite different from the corresponding variants of cul- 
ture “E” 
wide range of cellular differentiation (figure 2). Variant 


which does not, however, exhibit a similar 


cells of both were from nutrient agar surface colonies. 
There appears to be no morphologic and dimensional 
difference between cells from agar surface colonies and 
from liquid cultures. 


E-BR 


Fic. 2. Electron micrographs of variants of Serratia marcescens strain 274 culture “I” 
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[von, 5 


Calculations do not indicate a significant effect of the 
observed variations in cell size on a possible increase jy 
velocity of gravitational settling reflected in increased 
hk, values. It is concluded that the reported variations 
in die-away rates are due to differences in viability 
associated with the presence of large and bizarre cells, 
but not due to mechanical losses occasioned by such 
cells. 

DiscuSSION 

The results indicate that S. marcescens strain ATCC 
274 can be useful as a test organism in experimental 
aerobiologic studies. However, the presence of color vari- 
ants within the strain necessitates Constant monitoring 
of the test culture. In addition, variations in response to 
a standard test condition have been found which are not 
completely explained on the basis of the appearance of 
color variants within the parent strain. In this instance, 
a reduced viability potential was found to be correlated 
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vith the emergence of a wide variety of cellular forms. 
(Consideration of the possible mechanical errors intro- 
duced by the presence of larger cells shows that the 
aberrant responses are due to changes in viability 
rather than to the presence of larger cells. No accept- 
able explanation for this phenomenon is indicated, al- 
though some form of cultural senescence might be 
siggested. It is to be noted that Brown (1954) at- 
tributed certain irregularities in his findings to culture 
heterogeneity, and was able to isolate from the single 
culture of AJ iterococcus sp. strains of varying sensitivity 
to the airborne state. 

A significant point in the demonstration of the re- 
duced viability of the deteriorated culture is the ap- 
parent reversal of the lethal effect of the airborne state. 
The two widely conditions of 


divergent physical 


sampling, recovery of viable cells on agar surfaces and 
collection in a liquid medium, result in widely divergent 
recoveries of the organism. The enriched medium in the 
settling plate has no effect on increasing the recovery 
of the settled cells, indicating an inability of the cell to 
absorb the nutrient factor capable of reversing the 
lethal effect of the airborne state, a condition which is 
doubtless related to the physical interface of the cell 
and the agar surface. Collection in the plain gelatin 
liquid impingement medium enbances the recovery of 
the organisms and the highest recovery results from 
the addition of enrichment to this medium. None of 
these differences are exhibited by the newer culture. 
These relationships have important implications in 
considering the fate of airborne pathogens following 
termination of the airborne state. They also assume 
importance in possible differences between solid surface 
and liquid samplers for collecting viable airborne bac- 
teria. It is suggested that this indicates a limitation of 
the potential of solid surface samplers in the collection 
of airborne organisms of reduced viability potential. 
The selection of a bacterial species for aerobiologic 
studies should be closely followed by frequent monitor- 
ing of performance by reference to some standard con- 
dition of atmosphere. For this purpose, the agar 
settling plates are most useful because of the greater 
sensitivity of solid surface collectors to variations in 
viability potential. The presence of variants, per. se, 
heed not preclude the use of variant-containing species, 
hut the stability of these variants should be assayed 
for their combined effects in undifferentiated culture 
and attention should be drawn to the possible emer- 
gence of altered viability in the airborne state when 
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divergent results are obtained. It should be noted that, 
for cultures not showing easily discernible variants, the 
need for continuous monitoring under some standard 
condition is even more essential. 


SUMMARY 


Stable response to a standard atmosphere of a 
variant culture isolated from Serratia marcescens strain 
ATCC 274, was lost through cultural deterioration as 
evidenced by reduced airborne viability. Morphologi- 
cally and dimensionally the cells of this culture showed 
wide variation. 

An undifferentiated culture of Serratia marcescens 
strain ATCC 274 produced the standard viability re- 
sponse to the test atmosphere. Because of the inherent 
instability of this strain, the four variants were isolated 
and studied for cultural stability and response to the 
standard test atmosphere. 

It is concluded that the reduced viability of the de- 
teriorated culture is related mostly to the emergence 
of the wide range of morphologic and dimensional cell 
types. Physical and nutritional nature of the collecting 
medium is decisive in demonstrating cells of attenuated 
viability. Enriched-gelatin, critical-orifice liquid im- 
pinger samplers showed the greatest recovery of viable 
cells, and the nutrient agar settling plates the least 
recovery of viable cells. This finding is of importance 
in considering the recovery of airborne organisms of 
reduced viability potential with solid surface samplers. 


REFERENCES 


Brown, A. D. 1954 The survival of 
organisms. III. Effects of 
Biol. Sei., 7, 444-51. 

BuntinGc, Mary I. 1940a <A description of some color vari- 
ants produced by Serratia 274. J. 
Bacteriol., 40, 57-68. 

BuntinG, Mary I. 1940b The production of stable popula- 
tions of color variants of Serratia marcescens strain 274 
in rapidly growing cultures. J. Bacteriol., 40, 69-81. 

BuntING, Mary I. 1942 Factors attending the distribution 
of color variants in aging broth cultures of Serratia 
marcescens, strain 274. J. Bacteriol., 48, 593-606. 

BuntTING, Mary I. AND INGRAHAM, Laura J. 1942 The dis- 
tribution of color variants in aging broth cultures of 
Serratia marcescens strain 274. J. Bacteriol., 48, 585-591. 

K&tTHLEY, T.W., Cown, W.B., AND Fincner, E.L. 1957 The 
nature and composition of experimental aerosols. Appl. 
Microbiol., 5, 1-8. 

KETHLEY, T. W., FINcHER, E. L., AND Cown, W. B. 
system for the evaluation of aerial disinfectants. 
Microbiol., 4, 237-243. 


micro- 
Australian J. 


airborne 
temperature. 


marcescens, strain 


1956 A 
Appl. 














[ive 
micro 
conce 
bial p 
In 
bacte 
suffic 
from 
Sh 
hand 
many 
uct. 
pack 
redu 
emp 
stitu 
sitio 
chet 
red 
tam 
only 
A 
suit 
mic 
tiol 
N 
rep 
“id 
che 
an 
me 
tel 


wl 
ot 
Wi 











— 





Evaluation of Clorpactin WCS-50 as a Bactericidal Wash for Crab 
and Oyster Meats’ 


MELVIN 


A. BENARDE 


Seafood Processing Laboratory, University of Maryland, Crisfield, Maryland 


Received for publication October 11, 1956 


Ever since Pasteur showed that spoilage was due to 
microorganisms, food preservation has been primarily 
concerned with finding methods for reducing the micro- 
bial populations. 

In order to extend the edible life of shellfish, its 
bacterial contamination must be reduced to levels 
sufficiently low to prevent their metabolic products 
from subverting these foods before they are consumed. 


of 
handling in preparation for market. This can, and in 


Shellfish food items receive a notorious amount 
many instances does, debase an otherwise sound prod- 
uct. A supplementary protective rinse or wash before 
much toward bacterial 
reduction. The relatively simple processing techniques 


packaging might contribute 
employed in the industry lend themselves to the in- 
stitution of such additional treatment without impo- 
sition of bottleneck or hardship. Accordingly, many 
chemicals have been applied to seafoods in order to 
reduce or, in some instances, mask microbial con- 
tamination. To date, however, for one or more reasons, 
only a small number are legally available. 

As a result, the seafood industry is ever alert for 
suitable chemical agents that will obtain the necessary 
microbial destruction, vet be safe for human consump- 
tion. 

Several recent publications in clinical journals have 
reported that Clorpactin? WCS-90 approaches the 
‘ideal germicide.”’ Its indicated nontoxic, nonirritating 
characteristics prompted the writer to evaluate this 
agent for possible application to crab and_ oyster 
meats—two items known for extremely rapid bac- 
terial deterioration. 

Among the clinical reports was that of Zwerling (1955) 
who noted that, from an unselected group of 642 
otolaryngologic (ear, nose and throat) patients treated 
with an 0.2 per cent aqueous solution of Clorpactin 
WCS-90, 477 or 74.2 per showed decided im- 
provement with no untoward side effects. 

When according to specifications, 
Lattimer (1955) reported it to be an effective germicide 
for by Mycobacterium 


cent 


used strictly 


tuberculous cystitis caused 
' Presented at the 13th General Meeting of the Society for 
Industrial Microbiology, Storrs, Connecticut, August 26 to 30, 
1956. 
* Guardian Chemical Corporation, Long Island City, New 


York. 
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tuberculosis. Swanker (1955) reported that “the speed 
of its germicidal action and the completeness of the 
spectrum with the absence of toxicity, irritation or 
sensitization brings Clorpactin close to the goal of 
the ideal antiseptic for preoperative skin preparation.” 
He recommended a 0.2 per cent solution for general 
application and a 0.5 per cent solution in the presence 
of organie debris. 

O’Connor (1955) claimed ‘‘dramatic”’ improvement 
for 24 patients with intractable chronic interstitial 
cystitis after irrigation with 0.2 per cent Clorpactin. 
This indicated desirable attributes for its use with 
food. 

In vitro virucidal activity was reported for Clor- 
pactin by Sanders and Soret (1955) who obtained com- 
plete inactivation of the Lansing poliomyelitis virus at 
a concentration of 0.2 per cent. 

de Almeida (1953) reported on in vitro tests with 
Clorpactin WCS-90 and found it to be bactericidal for 
Streptococcus pyogenes, Streptococcus faecalis, Bacillus 
anthracis, Corynebacterium diphtheriae, and strains of 


Salmonella, Shigella, Proteus, Brucella, Escherichia, 
and <Aerobacter. Strains of several of these genera 


commonly contaminate crab and oyster meats. 

The several reagents bearing the trade designation 
Clorpactin are derivatives of monoxychlorosenes which 
liberate active chlorine as hypochlorous acid. Ap- 
proximately 25 per cent of the formulation consists of 
the Clorpactin, which is a hydrocarbon composed of a 
chain of approximately 14 carbons containing an 
OCI group linked to an end carbon atom. In addition, 
a sulfonate group is attached at a point along the 
chain to increase the hydrophilic nature of the com- 
pound. The remaining 75 per cent of the formulation 
is made up of buffers and stabilizers that sustain the 
action of the liberated hypochlorous acid. 


EXPERIMENTAL 


For tests with crabmeat, Clorpactin WCS-50 (food 
grade), a fairly free-flowing, water-soluble, white 
powder was added to tap water. To prepare concen- 
trations of 0.14, 0.28 and 0.56 per cent, respectively, 
1.4, 2.8 and 5.6 were added to 1-L quantities of water. 
For the tests with crabmeat, only 0.28 per cent Clor- 
pactin was used. The oysters, however, were subjected 
to all three concentrations. 
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Fic. 1. The effect of Clorpactin 0.28 per cent on crabmeat 


Fresh picked meat of the blue crab (Callinectes 
sapidus Rathbun) was obtained from commercial crab 
houses and our laboratory. From results of the initial 
plate counts on the untreated samples, the commercial 
samples were arbitrarily designated ‘high’? and ‘tmod- 
erate’? count and the lab samples were designated 
“low” count. Seventy-five-gram samples of the meat 
were placed on 14 x 14 squares of cheesecloth, which 
were then appropriately folded to prevent the meat 
from escaping into the treatment bath. 

The meat-filled cloths were placed into 1-L quantities of 
the Clorpactin solutions for periods of up to 30 min. 
During this time, they were continually agitated in 
order to facilitate dispersion of the Clorpactin through- 
out the meat particles. 

At the end of each test period, a sample was placed 
in a sterile, chilled blender containing 75 ml of sterile, 
chilled, distilled water. After a 3-min blending period, 
10-fold serial dilutions were made. One-milliliter por- 
tions of the appropriate dilutions were plated in nutri- 
ent agar Difco (pH 6.8) and incubated at 23 C + 2 for 
48 hr; bacterial plate counts were made at that time. 

The procedure for oysters varied somewhat to suit 
the product. 

Samples of oysters (Crassotrea virginica) shucked in 
their own liquor were obtained from commercial 
oyster houses. 

Sufficient Clorpactin WCS-50 to achieve the desired 
concentration was added directly to a L of oysters 
shucked in their own liquor; additional water was not 
added. A liter of tap water (30 to 33 C) was added toa 
similar group of shucked oysters and this was made up 
to concentration with Clorpactin. Both groups were 
agitated continually in an attempt to insure adequate 
contact between the oyster meat and the Clorpactin. 

At each test period, flamed forceps were used to 


remove six oysters to a blender for maceration. Di- 
lutions and plate counts were carried out as described 
for crabmeat. However, as the moisture content of 
oysters is sufficiently high to yield a smooth homoge- 
nate, additional water was not required, 


RESULTS AND DiIscuSSION 


The crabmeat data presented in figure 1 represent 
several trials that varied slightly. It may be seen that 
a 0.28 per cent Clorpactin solution was not sufficiently 
bactericidal to reduce the contamination to levels 
permissible by law.’ It was apparent that the heavier 
the initial contamination the larger the reduction 
obtained. Furthermore, the major reductions were 
apparently obtained during the initial 2 min of treat- 
ment. The subsequent 28 min, in all instances, con- 
tributed only slight additional increases. 

“High’’-count meat had its population diminished 
91.6 per cent in 2 min, or approximately 99 per cent 
of its total reduction. ‘‘Moderate’’-count meat  ob- 
tained a 58 per cent reduction in the initial 2 min, or 
78 per cent of its total reduction. With ‘‘low’’-count 
meat, 70 per cent of the reduction was obtained in 
the initial 2 min of contact. 

teduction patterns of a similar nature were observed 
with the tap-water controls. Although distinct. re- 
ductions were obtained by simple washing, the supe- 
riority of Clorpactin was evident. 

Because of the heavy chlorine-like odor evolved in 
the treatment bath, 
Clorpactin were not studied until organoleptic evalu- 
ations of the 0.28 per cent treated meat were completed. 

Clorpactin treated packed in & 


additional concentrations 0! 


crabmeat was 


‘Plate counts of approximately one hundred thousand 
organisms per g are presently held to be the legal tolerance 
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oz friction-top cans and placed in storage at 1 to4 C. 
At 12-hr intervals samples were removed for organo- 
leptic evaluation.’ After 2 days, the “high’’-count 
product was putrid. After 5 days, our “‘panel of experts”’ 
described both the ‘‘moderate’’- and the ‘“low’’-count 
meat as smelling heavily of laundry bleach and having 
4 bitter taste. For this reason, no further testing was 
performed with crabmeat. The chlorine-like odor would 
preclude its sale. It may be of additional interest to 
regulatory agencies that an unsound product could not 
be rehabilitated. 

The clinical reports indicated that Clorpactin buff- 
ered itself at a pH of approximately 6.7 in distilled 
water. This investigation employed the tap water that 
would be available in the commercial crab and oyster 
houses in this area; it maintains a pH of 8.5 and has 
an extremely high bicarbonate content. Thus, the 
Clorpactin bath obtained an initial pH of 7.1, which 
increased to 7.4 after 30 min of contact with crabmeat. 

Holwerda (1928) demonstrated, for hypochlorites, 
that as the pH increased from 5.0 to 7.0 the per cent 
of undissociated hypochlorous acid dropped 20 per 
cent. Since the principal active agent of Clorpactin is 
hypochlorous acid, reductions in its concentration 
through pH activity might be expected to reflect on 
the bacterial population; this may be seen in the de- 
pressed reductions with increased contact time and 
rising pH. 

In addition, the water temperature of 30 to 33 C® 
contributes to losses in available chlorine. Loveless 
(1934) showed that available chlorine decreased as 
the temperature increased from 21 C. 

The large amounts of organic material present in the 
bath also abet the loss of available chlorine. This has 
been demonstrated by Prucha (1927), Faber (1947) 
and Johns (1948). They concluded that organic ma- 
terial will absorb and neutralize a chlorine type of 
bactericide. Thus, the factors of pH, temperature, 
tap water, organic matter and chemical concentration 
could well have contributed to the weak activity of 
Clorpactin. 

Before proceeding with a study of Clorpactin-treated 
oyster meats, samples were immersed in a 0.28 per 
cent solution to determine the influence on odor and 
taste. As no untoward odors or tastes were discernible 
alter the first 12-hr storage period, the oyster meats 
were subjected to Clorpactin treatment at three con- 
centrations. 

Figure 2 shows the bacterial reductions obtained for 
oysters, with concentrations of 0.14, 0.28 and 0.56 
per cent. The upper line of each pair indicates Clor- 
pactin-treated oysters shucked in their own liquor. 


‘The evaluations were performed by seven men and women 
native to Maryland’s Eastern Shore with years of seafood 
experience. 


* This is lukewarm, as indicated by Zwerling. 
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Fic. 2. The effect of Clorpactin on oyster meats 


That is, the appropriate amounts of the chemical re- 
quired to obtain the particular concentration were 
added directly to the oysters without benefit of ad- 
ditional water. The lower line of the pair represents 
oysters shucked into tap water and then brought to 
concentration with the requisite amounts of Clorpactin. 

An increase in population is seen after a small initial 
reduction at 0.14 per cent; 0.28 per cent gave larger 
initial reductions, but it, too, increased subsequently. 
It was evident that only the 0.56 per cent concentration 
secured the progressive reduction necessary for pre- 
vention of early deterioration.® 

The upper lines of the pairs showed the expected 
smaller reductions with oysters in their own liquor 
only. Lack of adequate contact between the Clor- 
pactin and bacteria, necessary for substantial re- 
ductions, was apparently prevented. 

In the case of curves B and B! (0.28 per cent Clor- 
pactin), a sharp reduction in the first 2 min is followed 
by a rise in bacterial numbers greater than the 0.14 
per cent treated sample. This may be explained by the 
larger initial population of the ““B’’ sample and their 
recovery from the bacteriostatic effects of the 0.28 
per cent concentration. It may be inferred that, under 
the conditions of the test, bactericidal conditions were 

6 Present legal tolerance for oysters requires a plate count 
of one million per g or less. 
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obtained only by the concentration of 0.56 per cent 
Clorpactin. 

As with crabmeat, the factors acting to neutralize 
the action of Clorpactin appear to be operative. In 
addition, the jelly-like proteinaceous film enveloping 
the oyster doubtless hinders penetration and binds 
much of the available chlorine. Thus, it required 0.56 
per cent to produce the desired reductions. 

Iiven though Clorpactin does not appear, by virtue 
of this study, to be a “remarkable” bactericide for 
food, it does offer a means of reducing the bacterial 
flora of oysters to within legal tolerances.’ 
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SUMMARY 


Crab and oyster meats were immersed in solutions 
of Clorpactin WCS-50. Substantial reductions in the 
bacterial populations of shucked oyster meats were 
obtained by a concentration of 0.56 per cent. This 
treatment cannot be employed successfully to crab- 


7 Since this work has been completed, trials on «a commercial 
seale have been carried out with marked success. Reductions in 
bacterial numbers similar to those herein reported have been 
obtained, 
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meat, as the chlorine-like odor and bitter taste cling 
to it for periods sufficient to prevent its sale. 
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The membrane filter (MI) procedure has been 
given as a tentative test (A.P.HLA., 1955) for presence 
of coliform bacteria in water. The MF method appears 
to save time and materials in surveys of water for 
bacterial quality. In this paper results of the fermen- 
tation tube most probable number (MPN) and the 
MF techniques for estimating coliform bacteria in the 
natural waters of shellfish growing areas are compared. 


MATERIALS AND Metruops 


The procedures of the American Public Health 
Association (A.LP.HLA., 1955) for the MPN and MF 
techniques were followed in this investigation. Dehy- 
drated Bacto lactose broth and Bacto brilliant green 
bile broth 2 per cent were employed in the MPN 
studies. or the MEF studies dehydrated Bacto m- 
enrichment broth was used for the initial enrichment 
medium. The m-Endo basal broth and the powdered 
indicators for the MEF differential media (IAHC and 
BGI) were prepared in the laboratory from separate 
ingredients according to the published tentative pro- 
cedures (A.P.TL.A., 
sorbent nutrient pads were autoclaved in rust-free 


1955). Filter membranes and ab- 


metal ointment boxes rather than in glass Petri dishes. 
A glass filter holder was used in preliminary studies 
with field samples; a stainless metal holder was used in 
the later experiments. Vacuum for the filtrations was 
secured by means of a water aspirator. The ME’s were 
counted under magnification of 10 diameters with the 
light souree approximately perpendicular to the mem- 
brane. 

For the purpose of this study, a determinate result 
was defined as one which was finite. An indeterminate 
coliform result was one occurring as zero, too many 
to count, coliforms crowded and sheen not typically 
developed, or overgrown by contaminants and con- 
sidered unreliable. 

Criteria for determining which coliform estimates 
by the MF technique would be used if the results were 
to be reported officially were set up before the experi- 
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Department of Bacteriology and Im- 
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mental studies were performed. The following re- 
porting criteria were used: (1) report all observations 
as coliforms per 100 ml of water; (2) determine MPN 
per Standard Methods, reporting all MPN estimates; 
(3) report results from MI’s inoculated with the 
largest volume of water showing determinate results; 
(4) if the number of coliform colonies on a membrane 
is low, with two volumes yielding low but generally 
determinate counts, report the average density shown 
by the two volumes, but if one of the two volumes is 
indeterminate, report from the determinate volume 
only. (This fourth criterion was added after experience 
in Trial IT.) 

At first the practicability of the MIF technique was 
investigated, using 35 samples of sea water from the 
shellfish-growing areas submitted for routine coliform 
examinations. Filter membranes were inoculated in 
parallel with routine three-tube, three-dilution (10-, 
1-, 0.1-ml) MPN tests of these field samples. An equal 
number of MF’s were cultivated on EHC and BGF 
differential media. Observations from this preliminary 
study were examined only for agreement with 95 per 
cent confidence limits for 3-tube MPN’s. 

In the later experiments, 16 bottles of sea water were 
collected on each of three occasions from a point in 
Bogue Sound near Morehead City, North Carolina. 
The sampling station is subject to tidal fluctuation and 
a heavy pollution load from the nearby town. 

lor the MPN test in the experiments, three tubes 
of lactose broth were inoculated in each of a sufficient 
number of 10-fold dilutions of sea water to yield de- 
terminate coliform estimates. The MPN’s were con- 
firmed on 2 per cent brilliant green bile broth per 
Standard Methods of water analysis. 

Likewise, from each bottle, two or more volumes of 
water calculated to yield determinate coliform esti- 
mates were passed through filter membranes in du- 
plicate and, following the initial 2-hr incubation on 
enrichment medium, were cultured on each of the 
2 MF differential media. The MF’s were incubated in 
disposable plastic Petri dishes at 37 C and the results 
recorded after reincubation for 20 + 2 hr on the 
differential media. 





RESULTS 

In the preliminary field sample studies a large number 
of indeterminate results was obtained by both tech- 
niques. Also, difficulty in manipulating the glass filter 
holder was experienced. On a number of membranes it 
was evident that a portion of the sample to be filtered 
had leaked past the confines of the effective filter area. 
Besides an occasional faulty seal, time was lost in 
placing and clamping the glass filter holder elements. 
There was no difficulty of this nature in manipulating 
the metal filter holder. 

All MPN tests in the later experiments gave de- 
terminate coliform estimates. In the MEI tests inde- 
terminate results were obtained on 13 of the 192 mem- 
branes in the two countable dilutions used for further 
analysis. 

In general the BGI differential medium appeared to 
give better inhibition of the background (noncoliform) 
organisms than did EHC. 

The accompanying tables present values to 2 sig- 
nificant figures, but computations were carried to 5 
significant figures. 

Tables 1, 2, and 3 list the data from the 3 experi- 
mental trials with the arithmetic means and the 
standard deviations for the respective treatments. 


TABLE 1. Data, trial I* 


Coliforms per 100 Ml 


Bottle No EHC Endo medium BGF medium 
MPN " 
iml | 0.1 ml Average 1 ml 0.1 ml Average 
] 12,000 7,600 6,000 6,800 7,10011,000 9,000 
2 1.300) =6,600 1,000 3,800) 7,200) 6,000) 6,600 
3 1.300 0 5,500) 5,000 5,200) 5,800 13,000 9,400 
} 15,000) 5,400) 6,000) 5,700) 6,700 15,000 11,000 
5 1.300 5,100 9,000 7,000 6,200 8,000) 7,100 
6 2,300 9,300) 7,000) 8,200) 7,300) 7,000, 7,200 
7 9,300 8,400 8,000 8,200 6,500 4,000 5,200 
S 9,300) 8,600) 4,000) 6,300) 5,000) 9,000) 7,000 
Q 9,300 6,800) 9,000) 7,900) 4,500) 4,000) 4,200 
10 24,000 6,800) 7,000. 6,900) 4,600 10,000) 7,300 
11 24,000 7,100 6,000 6,600 3,400 4,000 3,700 
12 $300) S,S800 8,000 8,400 4,900 8,000) 6,400 
13 $300 7,500 8,000 7,800 5,500 10,000 7.800 
14 24,000 6,500 7,000 6,800) 4,500) 7,000) 5.800 
15 9.300 7,900) 6,000) 7,000 5,500) 3,000) 4,200 
16 24,000 5,900 9,000 7,400 6,100) 4,000) 5,000 
Mean 12,000) 7,100 6,600 6,900 5,700. 7,700 6,700 


Standard 


deviation 8,200 1,300) 2,100) 1,200 1,100 3,500) 2,000 


* All values are rounded to two significant figures. The 
entry under the Average heading is the mean of the calculated 
estimate of coliforms per 100 ml from both dilutions under 
KHC or BGF. Where a membrane gave a raw count of zero or 
was indeterminate in one dilution, the estimate from only the 
membrane producing a determinate count is entered in the 
Average column. This is in accordance with the ‘practical 
judgement” criterion used in this project for deriving the 
average estimate of coliform density from two dilutions, same 
bottle, same medium, by the MF method. 
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Table 4 presents a further examination of the means 
and standard deviations. All MPN’s and only the MF 
data fitting the reporting criteria were used in this 
analysis. 


The adjustment of the MPN arithmetic mean for 


TABLE 2. Data, trial IT* 


Coliforms per 100 M1 


Bottle No. EHC Endo medium BGF medium 
MPN 

10ml imi) Average | 110ml) 1 ml Average 

| 130 180-200) 190170300249 

2 230 140 100 120 20 0 0) 

} 230 310 100 200 110 100 100 

i 230 70 300 ISO 110 100 100 

5 230 20 0 20 160 100 130 

6 230 50 100 75 SO 100 GQ) 

7 130 SO 0 SO SO 100 90 

S 130 10 100 76 SO 0) SO 

9 230 50 0 50 SO 100 QO 

10 210 70 200 140 130 100 120 

1] 130 110-100 100 110) 100-100 

12 93 SO 100 QQ) 90 200 140 

13 390 100 100 LOO SO 0 S0) 

l4 Q3 60 0 60 100 0 L100 

15 130 110 160 100 110. 200 160 

16 13 60 100 SO 10) 100 70 
Mean 270 96 100 100 97 100 110 

Standard 

deviation. 130 70 S2 52 38 S2 16 


* See note, table 1. 


TABLE 3. Data, trial III* 


Coliforms per 100 MI 


sottle No EHC Endo medium BGF medium 
MPN 
25ml | 10 ml Average! 25 ml | 10 ml Average 
3 S 10 HH) 24 20 22 
2 93 10 10) 10 10 30 35 
; 230 16 0 16 56 20 38 
1 13 16 10 13 10 SO 60 
> 13 24 10 32 28 50 39 
6 230 18 Q) 69 72 | 130 | 100 
rf 230 } 0 | 24 30 27 
S 93 28 90 59 1S 150 gy 
y 75 SS 60 74 64 20 12 
10 930 36 SO 5S 72 | 30 5] 
1] 13 16 10) 28 60 100 SO) 
12 13 OS 40) 54 52 | 110 SI] 
13 93 t 70 70 56 SO 6S 
14 130 32 90 61 36-120 78 
15 93 t 10 10 14 20 32 
16 430 t 80 SO 100 | 130 120 
Mean 200 33 47 12 51 70 61 
Standard 
deviation. 230 24 34 26 21 18 29 


* See note, table 1. 


| Filter membrane overgrown by contaminants or coliforms 
crowded; no colonies of typical coliform appearance observed 
These observations treated statisti¢ally as missing data. 
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TaBLE 4+. Hxamination of estimates of mean and estimates of 
standard deviation from observations fitting reporting criteria, 
three trials 


wrx | EMC | BGE | ae Group 
Mean 
Total 12,000 7,200 5,800 13,000 
Average 1,000 2,400 1,900 2,200 
Adjusted MPN* 2,800 
Relative coliform 
recoveryT. 100 61 49 55 
(100) (87) (70) (78) 
Standard deviation 
Total 8,500 1,400 1,200 1,600 
Average 2,800 160 400 260 


* Average MPN, adjusted for bias after Thomas and Wood 
ward (1955). 

+ MF/MPN. Unadjusted average MPN used to derive 
upper values; adjusted average MPN used for values in pa- 
rentheses. 


TaBLeE 5. Agreement of MF observations with approximate and 
precise 95 per cent confidence limits for three-tube MPN’s 


Approximate Precise 


No. of EHC Endo BGF 
Samples medium medium 


EHC Endo BGE 


Sample Source medium medium 


has [ee . \ _ 
No. | Pe | No, | P&& | No. | Pet | No, | Pet 


cent cent cent 5 cent 

Field 35 26 74 | 31 | 89 | 23 66 | 28 SO 
Expt. 

? 16 15 94 | 13 | 81 |} 16 | 100 | 15 94 

li 16 16 100 14 | 88 16 100 16 100 

I] 16 13 $1 | 12) 7 | 14 88 | 15 94 

Ill 16 10 | 62) 12) 75) 11 69 | 14 88 

Expt. total 64 | 54] 84) 51 | 80| 57 | 89 | 60) 94 

Group total gg SO 81 | 82 | 83 | 80 St | 88 89 


*Sample volume 1.0 ml 
i Sample volume 0.1 ml 


bias employs the information of Thomas and Wood- 
ward (1955) that the arithmetic means of 35-tube 
MPN’s are biased, overestimating the true density by a 
factor of 43 per cent. A correction factor (0.7 = 1/1.48) 
was applied to the average of the mean MPN’s from 
the 8 experiments to obtain the adjusted mean MPN. 
Table 4 shows that the MF technique measured approx- 
imately 55 per cent of the coliform density indicated 
by the unadjusted mean MPN, or 78 per cent of the 
adjusted mean MPN. The EHC medium had a higher 
relative coliform recovery rate than the BGF medium. 

The variation (standard deviation) of the obser- 
vations by the MIF technique, as shown in table 4, 
Was considerably smaller than the variation of the 
MPN observations. 

The estimations of coliform densities by the MF 
technique in the field samples and the experimental 
samples were compared to both the approximate and 
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the precise 95 per cent confidence limits for the 3- 
tube MPN value observed in the respective samples. 

The approximate 95 per cent confidence limits for a 
given MPN (3 tubes per dilution) were obtained by 
multiplying the MPN by 0.21 for the lower limit and 
by 3.95 for the upper limit. To obtain the more precise 
confidence limits for a given 3-tube MPN value, a 
table listing these precisely calculated limits for each 
MPN was consulted. This table of precise confidence 
limits is to be published by R. L. Woodward (Personal 
Communication). 

In table 5 a comparison of the agreement of the MF 
results with the 95 per cent confidence limits for 3- 
tube MPN’s is given. If an MPN and its parallel MF’s 
showed indeterminate results, both “less than’ or 
both ‘more than,” as in the field samples, the results 
were considered to be in agreement. The data of table 5 
indicate that the MF’s cultivated on BGF medium 
rave better total agreement with the MPN than those 
cultivated on EHC, the MF technique as a whole 
giving approximately 83 per cent agreement. 


DiIscussION 


Lack of prior knowledge of the approximate coliform 
densities and the imperfect manipulation of the glass 
filter holder used in the field samples partially account 
for the relatively poor percentage agreement of these 
samples in table 5. If, when using the MF technique 
with samples from areas of unknown or widely varying 
coliform densities, a greater number of various volumes 
of sample are filtered, indeterminate results might be 
avoided. However, if the water is being bacteriologically 
surveyed against a specific standard of quality, an 
alternative might prove valuable in saving time and 
materials, especially in large surveys. 

This alternative might be an exclusion-type test for 
coliform density. Thus, a volume of sample which would 
show determinate coliform estimates within limits 
around the standard might be filtered, and the results 
recorded as determinate within this range, greater 
than or less than the standard. As an example, let us 
assume that, in order for a shellfish-growing area to be 
approved for harvesting of shellfish, its coliform density 
shall not exceed an average of 60 coliforms per 100 ml 
of water by the MF technique in repeated samples. In 
this case, 25 ml of specimen might be filtered. If 15 
coliform colonies appear on the membrane, the estimate 
would be reported as 60 coliforms per 100 ml. However, 
if there were 5 or 20 or 50 or too many colonies to count, 
the result would be reported as 20, 80, 200, or over 
60 coliforms per 100 ml. It is possible that as few as 5, 
and perhaps fewer, typical coliform colonies appearing 
on a membrane will give results as reliable as a 3- 
tubes-per-dilution MPN estimate of the coliform den- 
sity. This is contrary to the recommendation in the 
tentative procedure (A. P. H. A., 1955), where only a 
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number between 20 and 200 coliform colonies per 
membrane is considered to yield a reliable result. 

However, such an exclusion test must be used with 
great caution. In some water samples, the coliform 
density might be so great as to produce so many colonies 
on a membrane that the typical sheen would not 
develop on any coliform colonies. In another situation, 
as observed in these trials, the density of background 
organisms may be so great as to overwhelm the coli- 
forms, preventing the appearance of typical sheen on 
any coliforms present. Both conditions would lead to an 
underestimate of the coliform density as being zero, or 
fewer than true density if any typical coliform colonies 
should appear. Misestimation might be avoided in an 
exclusion type of test if two volumes—for example, 25 
and 5 ml—are filtered rather than a single volume of 
water. 

Modification of the MF media seems necessary to 
improve the inhibition of noncoliform organisms in 
samples of natural waters. This improvement would 
permit filtration of larger volumes of sample to obtain 
higher concentrations of coliform bacteria in samples 
with low coliform densities with less overgrowth by 
background organisms. 
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SUMMARY 


The results of this investigation suggest that the 
membrane filter (MF) technique for estimating coliform 
bacteria densities in marine waters generally is less 
variable than the 3-tube most probable number (MPN) 
method. It is evident that modification of the membrane 
filter media for improved selectivity should be investi- 
gated. There can be no doubt that the MI method is 
more economical in time, effort, and materials. 
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The stability of microbial suspensions is of con- 
iderable interest and importance both industrially 
Eddy, 1955; Gilliland, 1955) with respect to floecula- 
tion Of yeasts in brewing, and experimentally, for 
axample, where aggregation of cell suspensions may 
produce erroneous estimates in viability counts (Zirkle 
and Tobias, 1953). 

In the course of investigations of the manner of 
polysaccharide adsorption by yeast cells, it was noticed 
that with some species and under certain conditions 
shields were formed; with other species and the same 
conditions pellets were produced at the bottom of the 
small test tube. Microscopic examination showed that 
cells settling in shields were usually aggregated to a 
greater extent than cells settling in pellets. Further 
observations that 
shields was invariably a prelude to aggregation and 
flocculation. 


indicated the tendency to form 


This report is concerned with some of the factors 


assoclated with various sedimentation patterns ex- 
hibited by a few species of yeasts and a few strains of 
bacteria. The sedimentation patterns are very sensitive 
to environmental influences but, when all the factors 
are controlled, the patterns are highly reproducible for 


the species or strain of microbe under observation. 
MATERIALS AND METHODS 

Yeast species were usually grown in Wickerham’s 
synthetic nitrogen base plus 1 per cent glucose for 3 
days at 27 C in shallow layers in Dubos flasks. When 
bacterial species were studied they were grown in 
tryptone-yeast extract-glucose medium (Haynes et al., 
1955) at the temperatures usually used for the species. 
Cells were harvested from the broth, washed 5 to 7 
times in distilled water and then packed for 15 min at 
2000 & G. From the packed volumes 1 per cent stock 
suspensions were prepared. lor the sedimentary pattern 
test, 0.5 ml of this suspension was added to 0.5 ml of a 
series of test solutions containing twice the desired 
final concentration of the test reagent in 13- x 100-mm 
Pyrex tubes. Sedimentation was allowed to proceed at 
The 
time necessary for this varied from 30 to 120 min 
dependent upon the cell size of the species used and the 


40 C until the supernatant solution was clear. 


Viscosity of the suspending medium. The pattern of 
the sediment was recorded as a pellet (P), shield (S), 
or intermediate (1) (usually a ring). 

Laboratory distilled water was used, either freshly 
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TaBLeE 1. The influence of buffer, salt concentration, and pH 
upon the appearance of sedimentary shields and the degree of 
aggregation of cells of Hansenula subpelliculosa 


Suspending Sedimentary 


<alntian pH Tonic Strength Pattern* Aggregationt 
Distilled 6.0-6.5 Pr 0 
water 
NaCl 6.0-6.5 8.6%. 16 Ee 0 
1.0 10-7 Ss +. 
K,HPO, ct $:6 X165 P 0 
KH.PO, Loe P 0 
K.HPO, 6.5 8.6 X 1074 P 0 
KH.PO, 7:3 % 10 Pp 0 
NaAe 4.5 8.6 X 10-4 Ss ++ 
HAc 1.o 164 Ss +--+ 
KH phthal- 3.0 8:3: Xl? S +++ 
ate HCl 
KC] 2.2 Ll xe Ns) +++ 
HCl 
KCl 1.0 bx Ie Ss ++ 
HCl 


*P = pellet; S = shield. 
+ +, faintly discernible aggregation; ++, definite aggre- 
gation; +++, strong aggregation. 


distilled or boiled. Initially all glassware was detergent- 
cleaned, soaked in dichromate-sulfuric acid cleaning 
solution, then repeatedly rinsed with distilled water. 
It became apparent, however, that ordinary detergent 
cleaning was adequate, providing that the glassware 
was extensively rinsed with distilled water. 

The yeasts used were Hansenula subpelliculosa strain 
NRRL 1683, Hansenula saturnus strain NRRL 1304, 
and Hansenula californica strain NRRL 1680. 


RESULTS 


The effects of several commonly used salts and buffers 
were assayed by the sedimentary method using as the 
test organism a diploid strain of the yeast H. sub- 
pelliculosa. As will be reported elsewhere, this organism 
has a state of suspension stability about halfway 
between extremely stable and extremely flocculent 
suspension formers. 

The results indicated in table | direct 


show the 
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Fig. 1. The effect of representative salts upon the ap- 
pearance of the sedimentary pattern produced by Hansenula 
subpelliculosa in solutions buffered at pH 7.0 with 1 X 1073 M 
Ke»HPO,-KH2PO,-: (), pellets; (@), intermediates; (_), 
shields. 


correlation between shield appearance and acid agglu- 
tination as well as its relation to electrolyte agglu- 
tination at neutral pH values. Since dilute phosphate 
buffer produced no visible effect per se, it was used 
routinely to moderate the pH of test solutions. 

A rather commonly reported procedure is the suspen- 
sion of cells in buffered and unbuffered sodium chloride 
solutions usually in the range of 0.1 to 1.0 per cent 
concentration. While a particular microorganism might 
need the presence of this much salt to maintain via- 
bility, the use of such solutions may initiate a gradual 
aggregation not easily discernible to the eye. 

In figure 1 are indicated the concentrations at which 
several uni-univalent and di-univalent salts and one 
tri-univalent salt induce shields with H. subpelliculosa. 
The formation of shields occurs at about the same ionic 
strength with each salt. Varying the anion (sulfates, 
phosphates, nitrates or iodates in place of chloride) did 
not change the level of cation at which shields formed. 


This is in aecord with the Schulze-Hardy rule that the 
cation is considered the prime determinant in electro. 
lyte combinations. 

Chicago city water which averages about 125 ppm 
hardness as CaO, when tested in this manner, even when 
diluted with distilled water up to a dilution of 1 to 5 js 
capable of inducing shield formation by H. subpelli- 
culosa. 

The flocculation of microbial suspensions has fre- 
quently been mentioned as analogous to the destabiliza- 
tion of metallic suspensoids by electrolytes. That js, 
when the coulombic repulsion (zeta potential) existing’ 
between particles is depressed by the presence of 
electrolytes then aggregation takes place. Practically, 
this analogy is the basis for the use of colloidal pro- 
tective agents as dispersants of microbial suspensions 
industrially and in the laboratory. 

Four such colloids, soluble starch, dextrin, gum ara- 
bie, and gelatin, whose gold numbers (Gortner, 1920 
increase approximately in 10-fold steps in that order, 
were examined for their ability to inhibit shield forma- 
tion by H. subpelliculosa. The solutions contained 
enough sodium chloride (100 wg per ml) to produce 
shields and the colloids were diluted in 2-fold steps. The 
ability to offset salt sensitivity does increase, though not 
in 10-fold steps, in the same fashion as the gold number. 

As may be noted in figure 2, soluble starch has 
essentially no influence upon the sedimentation pattern 
of HH. subpelliculosa, as all the control tubes, although 
not shown in this picture, would have formed shields. 
Dextrin inhibits shield formation only when the dextrin 
concentration is 0.5 per cent or more. Gum arabic 
exerts a protective effect in the first 6 tubes, which 
represent concentrations of gum arabic from | to 0.05 
per cent. Gelatin exhibits a double effect. At a con- 
centration greater than 0.25 per cent it produces a 
drastic type of agglutination with a very tenacious 
shield, with a decrease in degree to a concentration ol 
0.016 per cent. Below this concentration, not shown in 
figure 2, the role of gelatin is reversed from agglutinin 
to protective agent and from 0.004 to 0.001 per cent 
the yeast cells are protected against shield formation 
by 100 wg per ml of saline. 

Other experiments were designed to determine the 
influence of surface active agents upon the sedimenta- 
tion patterns. Three types of synthetic wetting agents 
(1) cationic, lauryl dimethyl benzammonium chloride 
or cetyl pyridinum chloride; (2) an anionic, alkyl! ary! 
sulfonate (Nacconal NRCL!); (3) nonionic, alkyl ary! 
polyether alcohol (Triton X-1002)—and one natural 
dispersing agent—lecithin—were examined for thei! 
effect upon salt sensitivity. At pH 7.0, lecithin 
essentially an anionic agent. In table 2 the inhibition o 


1 National Aniline Division of Allied Chemieal & Dy 
Corporation, Philadelphia, Pennsylvania. 
? Rohm & Haas Company, Philadelphia, Pennsylvania. 








y 
chlor 


salt 
agel 
can 
ferri 
salt 


et al 
pe ry 
lor 
sent 
Sacc 
to fe 
T 
the 
nitr 
cell 
aqui 
of t] 
cati 
of ss 
nitr 
prec 
T 
(an 
the 
intl 
up. 
700 
cell 
min 
mal 





VOL. 5 


lat the 
lectro- 


) ppm 
n when 
to 5 is 


ibpelli- 


as fre- 
vbiliza- 
hat. is, 
‘xisting’ 
nee of 
tically, 
al pro- 
ensions 


im. ara- 
, 1920 
order, 
forma- 
ntained 
produce 
ps. The 
ugh not 
umber. 
‘ch has 
pattern 
though 
shields. 
dextrin 
arable 
, which 
to 0.05 
a con- 
duces a 
nacious 
ation ol 
hown in 
glutinin 
yer cent 
rmation 


rine the 
‘imenta- 
wents 

chloride 
kyl ary! 
kyl aryl 
natural 
or their 
‘ithin is 
bition of 


| & Dy 


‘ania. 





1957] SUSPENSION STABILITY OF YEASTS AND BACTERIA 147 


Colloid Concentrations g/100 ml 
0.125 0.06 0.03 


Types of 1.0 0.5 0.25 


colloids 


Dextrin 


Soluble 


starch 


Gum 


arabic 


Gelatin 


0.015 





Fic. 2. Effect of colloids upon sedimentation patterns of Hansenula subpelliculosa in the presence of 100 ug per ml of sodium 


chloride. 


alt action is apparent by the nonionic and anionic 
agents. Of the two the anionic is the most effective and 
can even reduce the drastic agglutination caused by 
ferric chloride. Rather oddly, lecithin failed to reduce 
salt sensitivity, for which we have no explanation. 

Cationic agents, as have been reported by Wivella 
etal. (1948) and Stedman et¢ al. (1954), are agglutinins 
per se for bacterial cells. Such also proved to be the case 
lor H. subpelliculosa and some 16 other species repre- 
senting five yeast genera. A few species, notably 
Saccharomyces cerevisiae, Were not aggregated or induced 
toform shields by these cationic agents. 

These agents would lower the net negative charge on 
the cell 


hitrogen reacts with negatively charged groups on the 


surface, regardless of whether quaternary 
cell surface or occlusion of its nonpolar moiety from the 
aqueous phase by uniting with the oleophilic portions 
of the cell surface. However, since the shielding effect by 
cationic agents is definitely diminished by the presence 
of salt, it is probable that the reaction of the quaternary 
hitrogen with negative groups on the cell surface is the 
predominant reaction. 

The reaction of other substances with the cell surface 
can be inferred from changes in salt sensitivity. Cells of 
the species H. californica and H. saturnus were prepared 
inthe usual way and a 2 per cent stock suspension made 
up. Five-tenths ml of these suspensions was exposed to 
7000 units of 8-glucuronidase for 2 hr at 35 C. The 
cells were then washed, and salt sensitivity was deter- 
mined in the routine manner. The enzyme treatment 
markedly enhanced salt sensitivity (table 3). Similar 


reactions were obtained with several species of yeasts 
when they were treated with ribonuclease. This in- 
dicates only that there was a reaction of the enzyme 
with the cell surface, not that specific enzyme action 


took place with a substrate on the cell surface. 


TABLE 2. The effect of several wetting agents upon salt sensitivity 


of Hansenula subpelliculosa 


, : . Cationic* pee . * 
Concentration of aetie Anionic Nonioni 


‘ . : ge zecithin* Salt Onl 
Sadia Chissiie * vd Rae Agent Le it Salt Only 
ug/ml 120 pg/ml I me/ml 1 me/ml I men 
0 St P P Pr p 
100 Ss LS I Ss s 


* Nonionie agent and lecithin buffered at pH 7.0, anionic 
agent at pH 7.1 and cationic agent at pH 6.9. 
+P = pellets; S = shields; I = intermediate 


TaBLE 3. Effect of B-glucuronidase treatment upon sedimentary 


behavior of yeast ce lls 
Sodium Chloride Conc (ug/ml 
0 40 80 160 320 640 1280 
Hansenula cal 
ifo rnica 
Untreated 
Treated s Ss Ss Ss Ss s 


Hansenula sa 


turnus 
Untreated r y P P P P P 
Treated Ss Ss Ss Ss Ss Ss Ss 


* P = pellet; I = intermediate; S = shield 
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Discussion 

When yeast cells in the shield-forming state are 
examined microscopically in the vicinity of an oil-water 
interface (Mudd and Mudd, 1924) they are found 
adherent to but not penetrating the oil phase. Con- 
versely, cells that form pellets when examined in this 
manner are found dispersed throughout the aqueous 
phase and are seldom found in the oil-water boundary 
area. When this behavior is considered in conjunction 
with the formation of shields in suspensions containing 
only salt, water, and cells, the most reasonable explana- 
tion would be to regard all these effects as surface 
tension manifestations. That is, cells whose surfaces 
are poorly hydrated remain dispersed in the aqueous 
phase as long as they have a zeta potential sufficient 
to repel each other and thus render the work required to 
increase the area of the cell-water interface relatively 
small. 

If the potential is decreased by the addition of 
electrolyte, work becomes necessary to maintain the 
cells in a dispersed state, since interfacial tension is 
still acting in the direction of minimizing the interfacial 
area. Consequently, the total cell-water interface is 
reduced by the aggregation of the cells and clinging of 
the cells to the glass to form shields. 

li is also possible to cause agglutination of cells by 
salts without shield formation. This is presumably due 
to direct chemical reaction with cell surfaces and is not 
a surface tension phenomenon. Ferric ion in concentra- 
tions of 50 to 500 cause this to occur with some species. 
Also, a solution of 200 to 300 wg per ml of MgCl. 
brought to a pH of 9.5 will produce a gross, cottony 
flocculate almost instantaneously. It may be that this 
is due to the formation of Mg(NH,)PO, with phosphate 
groups on the cells surface. It may also be due to 
liberation of internal phosphate by the high pH, 
although the majority of the cells remain viable pro- 
vided the alkaline pH is not maintained too long. 

In this respect it is germane to consider the effect 
of uranyl acetate, which is highly specific for phosphate 
radicals (Rothstein, 1954). This salt is capable of 
producing marked aggregation and shielding of only a 
few salt-sensitive species of yeast. With most species 
it behaves only in the manner described for other 
polyvalent cations. Another salt, anomalous in that it 
produces less shields and aggregation than might be 
expected, is HgCle. The same ionic strength of HgCl. 
that in other cations induces shielding has no apparent 
effect. It may be that these ions are strongly absorbed 
internally by the cell. 

The method of sedimentary pattern analysis has not 
vet been applied extensively to bacterial species. Those 


species investigated, belonging to the genera Micro- 
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coccus and Streptococcus, vary in salt sensitivity as do 
yeasts, although the sedimentation rate is only 14 or 1; 
as great. This illustrates the point that shield formation 
is relatively independent of cell size and settling rate. 
One finds both large and small cells, even budding or 
filamentous aggregates, fast and slow settling cells 
distributed between the pellet and the shield forming 
categories. 

It is of some interest to note that strains of the 
commercially important Streptococcus lactis isolated 
from dairy products show varying degrees of salt 
sensitivity. It may be that the presence of these salt 
sensitive strains is responsible for some of the starter 
difficulties observed in commercial dairy products, such 
as lagging fermentation throughout the entire souring 
period or the appearance of soft spots in an otherwise 
satisfactory curd coagulum. This might particularly be 
the case where CaCl. is added to the milk prior to 
fermentation to facilitate the coagulation. 


SUMMARY 


The sedimentation patterns of some yeast cells is a 
reflection of surface characteristic of the species and the 
particular environmental factors which influence these 
characteristics. 

The effect of some colloidal substances, surface active 
agents, electrolytes, and heavy metal ions upon these 
patterns is discussed. 

Some strains of the genera Micrococcus and Strep- 
tococcus exhibit similar types of sedimentation patterns. 
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The preparation of sulfur*® (S**) labeled penicillin 
by surface culture methods in synthetic media was 
(1948). Crude penicillins 
representing 3.4 per cent of the original activity were 
obtained with a strain of Penicillium notatum. Rowley 
etal. (1948) described a test tube method for submerged 
cultures of Penicillium chrysogenum. By this method 


reported by Howell et al. 


a product was obtained which represented 12 per cent 
of the original activity, and which had a specific activity 
of 0.05 microcuries per international unit. Ina later paper 
Rowley et al. (1950) reported conversion of 18 to 20 
per cent of the initial activity, and specific activities 
of 0.9 to 0.18 microcuries per international unit. Low 
penicillin yields were obtained in most of the shaken- 
tube fermentations. 

Other methods which have been reported (Maass and 
1949; Smith Hockenhull, 1952; and 
Perret, 1953) were developed and employed for the 
preparation of relatively small quantities of the labeled 
antibiotic. The method reported here was one developed 


Johnson, and 


in connection with shaken flask studies with selected 
strains of P. chrysogenum grown in synthetic media. 


MATERIALS AND METHODS 


Cultures and inoculum. Two strains of P. chrysogenum, 
4-25 and DA-35, *% 49- 
133 by ultraviolet irradiation, were employed in these 


derived from Wisconsin strain 


studies. Permanent and working stocks of the cultures 
were maintained in soil. Spore slant cultures were 
prepared by inoculating slants of a sporulation agar 
medium (table 1) with a loopful of the soil stock culture. 


TABLE 1. Sporulation agar medium 

Ingredient Amount 
Molasses (blackstrap 9.4 
Glycerol 7.5 
MgSO,-7H2O 0.05 
KH.PO, 0.05 
NaCl 4.0 
FeSO ;-7H2O 0.003 
CuSO,-5H.O 0.001 
CaCO 0.25 
Curbay BG 2.5 
Peptone 5.0 
Agar 20.0 


Tap water to 1 L 
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TABLE 2. Synthetic inoculum medium 


Ingredient Amount 
g 
Glucose... Ms: of sieaaed 40.0 
Ammonium lactate..... 24.2 
Ammonium acetate.... 0.04 
KH2PO,... : . 3.09 
MeCls. ...... 0.01 
KoSO, 0.90 
CuCh.. 0.003 
FeCls-4H2O 0.05 
MnCl. 0.014 
ZnClo 0.009 
CaCl.-2HsO 0.05 
CaCo; ».0 


Distilled water to 1 L 


The slants were incubated at 24 C for 7 days. To prepare 
spore suspensions, the spores from an agar slant culture 
were suspended in 4 ml of sterile water. One and one- 
half ml of this suspension, representing approximately 
75 X 10° spores, were used to inoculate 100 ml of a 
synthetic inoculum medium (table 2) contained in a 
500-ml Erlenmeyer flask. The synthetic medium 
inoculum cultures were incubated at 24 C on a Gump 
rotary shaker operating at a speed of 220 to 240 rpm. 
Seventy-two-hr cultures were used as inoculum for 
synthetic fermentation media. 

Fermentations and analyses. The synthetic medium of 
Jarvis and Johnson (1950), with the metal sulfates 
replaced by chlorides, was used as the basal fermenta- 
tion medium (table 3). Radioactive sulfate was added 
prior to sterilization, and the media then autoclaved at 
15 pounds’ pressure for 25 min. All fermentations were 
run in 100-ml medium volumes in 500-ml Erlenmeyer 
flasks. The fermentation flasks were inoculated with a 
4 per cent by volume level of the synthetic medium 
inoculum cultures described above, and incubated at 
24 C on a Gump rotary shaker operating at a speed of 
220 to 240 rpm. Benzylpenicillin was isolated as the 
N-ethylpiperidine salt followed by conversion of the 
sodium salt by the method described by Clarke et al. 
(1949). Radioactivity was measured by a Geiger- 
Mueller thin-window counter. Penicillin bioassays were 
run by a modification of the Oxford cup method. 
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TABLE 3. Basal synthetic fermentation medium 


Ingredient Amount 
Lactose 30.0 
Glucose 10.0 
Ammonium acetate 3.5 
Ammonium lactate 6.0 
KHPO, 3.0 
CaCl: 2H2O 0.05 
CuCl, 0.008 
FeCls-4H20 0.05 
MnCl, 0.014 
ZnC 1: 0.009 
MgCl: 0.01 
CaCO 13.0 
Beta-phenylethylamine 2.0 


Distilled water to 1 L 


TaBLe 4. Effect of sulfur level on penicillin yields in’ basal 


synthetic medium 


KeSO, Max Avg Yield 
g/L us? 
0.50 3359 
0.75 397 
1.00 106 
1.25 103 


Tasie 5. Data on synthetic medium with and without corn oil 


Basal Synthetic Basal Synthetic + 1° 


Co Oj 
Incubation rn Oil 

pH Yield pH Yield 

day “un uyml 

3 7.7 163 7.5 795 

} 7.8 DAT 7.8 1008S 

5 7.9 676 8.0 970 

6 8.1 665 8.3 S76 

7 S.4 575 8.4 788 


RESULTS 

Determination of optimum sulfur level. Penicillin yields 
with strain 4-25 were determined in the basal synthetic 
medium to which potassium sulfate was added as the 
only sulfur source at levels of 0.50 to 1.25 g per L. 
Maximum yields were obtained at a potassium sulfate 
level of 0.75 g per L (table 4). The basal medium 
supplemented with this level of sulfate required a 
relatively long incubation period (6 to 7 days) for 
maximum yields of 400 to 600 u/ml. The addition of 1 
per cent by volume of corn oil was found to shorten the 
fermentation time by 24 to 48 hr with significant yield 
improvement (table 5). The effect of sulfate level upon 
growth and penicillin production in the basal medium 
supplemented with 1 per cent corn oil was determined 
with the results shown in table 6. A level of 0.75 g per L 
of potassium sulfate was found to support good peni- 


Tasie 6. Effect of sulfur level on growth and penicillin yields in 


medium supplemented with corn oil 


KeSO,4 Dry Cell Wt Max Average Yield 
gL mg/ml u/w 
0.20 532.8 154 
0.40 31.6 673 
0.60 30.9 723 
0.75 32.3 795 
0.80 37.1 713 
1.00 36.8 022 


Tasie 7. Effect of delayed addition of radioactive sulfat 


Maximum 


Incorporated as 
verage Yield 


Penicillin 


Time of Addition 


mc/100 ml medium ! 


“uo” per cent 
5 Initially 960 11.2 
5 10 hr 990 10.9 


Taser 8. Effect of delayed addition of cold sulfate 


! KeSOs Added at Maximum Incorporated as 
Initial O; 1 icorporated a 
nitial Kes 40 Hours verage Yield Penicillin 

g/L g/L u/ml per cent 

0.75 None 990 22.0 
0.20 0.55 1035 29.6 


TABLE 9. Effect of tnitial S*® level on incorporation 


and penicillin yields 


Re Maximum Average 


Yield Incubation Ine wee - 
me, 100 ml Medium ujml day per cen 
5 960 5 L.2 
20 990 5 22.0 
50 630 5 19.8 
70 636 7 1.0 


cillin yields in the oil supplemented media, although 
cell synthesis was somewhat greater at higher sulfate 
levels. In subsequent labeled penicillin runs, the 0.75 
g per L level of potassium sulfate was employed. 
Radioactive sulfur studies. A wamber of methods of 
addition of carrier-free radioactive sulfate were in- 
vestigated toward improving the incorporation of 8 
into penicillin. In initial studies employing low radio- 
active sulfate levels, incorporation was not appreciably 
affected by delayed addition of the labeled sulfate 
(table 7). Improved incorporation was obtained when 
approximately 25 per cent of the optimum cold sulfate 
and all of the radioactive sulfate were added initially, 
followed by the remainder of the cold sulfate at 40 hr 
(table 8). A radioactive sulfate level of 20 millicuries per 
100 ml medium was employed in this run. A range of 
initial radioactive sulfate levels was investigated for 
effect upon growth, penicillin yields, and incorporation 
of the labeled sulfate. The data in table 9 show that, at 


[VoL 5 








1957 


initis 
mi 0 
by a 
were 
labe 
with 
initi 
whe! 
emp 

St 
deve 
whic 
high 
foul 
syn 
with 


the 
radi 


Ie } Ti 


Mee 
to] 


act) 








VOL, 5 


ti lds in 


Yield 


fate 


ted as 
lin 


nt 


ated as 
illin 


ent 
0 
6 


Nn 


ited as 
iin 


ent 


though 
sulfate 
1e@ 0.75 
l. 
10ds of 
ere in 
of S* 
radio- 
eciably 
sulfate 
1 when 
sulfate 
iitially, 
t 40 hr 
ries per 


ange of 
ted for 
oration 
that, at 








1957| PREPARATION OF SULEU 


initial radioactive sulfate levels of 50 millicuries per 100 
ml medium and greater, penicillin yields were reduced 
py approximately one-third, and incorporation values 
were less than 20 per cent. The poor yields with high 
labeled sulfate levels appeared to be associated directly 
vith growth interference. In view of these findings 
initial radioactive sulfate levels of 35 millicuries or less, 
where growth interference was not apparent, have been 
employed in the preparation of the labeled antibiotic. 
Strain effect. Strain 4-25 was employed in the above 
developmental studies. Subsequently, strain DA-35, 
which normally gave yields approximately 30 per cent 
higher than those with 4-25 in organic media, was 
found to be a superior strain in labeled sulfate runs in 
synthetic media. With the basal medium supplemented 
with 1 per cent corn oil, 0.75 g per L potassium sulfate, 
20 ¢g per L oof N, 


as the benzylpenicillin precursor, and an initial 8% 


betahydroxyethylphenylacetamide 


level of 35 me per 100 ml medium, a 6-day fermentation 
vielded 1580 uo mi. The recovered penicillin represented 
35 per cent incorporation of the initial activity with a 


specific activity of 175 ue per g. 
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SUMMARY 


In the preparation of S*° labeled penicillin in synthetic 
media in shaken flasks, a number of factors were found 
to influence fermentation yields and recovery of radio- 


active sulfur as penicillin. Penicillin vield improvement 
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was achieved primarily through the supplementation 
of the basal synthetic medium with corn oil, and 
through the use of selected strains of Penicillium 
chrysogenum. The time of addition of optimum radio- 
active and cold sulfate was found to affeet the per- 
centage incorporation of S*° into penicillin. Higher 
recoveries were obtained with a delayed addition of the 
cold sulfate. The initial level of radioactive sulfate did 
not appear critical at 35 millicuries per 100 ml medium 
and lower. At 50 millicuries per 100 ml medium and 
higher, growth, penicillin yields, and S* penicillin 
recoveries were adversely affected. 
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The use of antibiotics to control certain diseases of 
the honeybee, such as American and European foul- 
broods and Nosema disease (IKKatznelson and Jamieson, 
1952a, b; Katznelson et al., 1952, 1955) has indicated a 
need for information on their stability under conditions 
obtaining in the beehive. For example, both penicillin 
and chlortetracycline are potent inhibitors of Bacillus 
larvae, causal agent of American foulbrood, yet they are 
not effective in the apiary (Xatznelson, 1950), whereas 
sulfa drugs are stable and effective under apiary condi- 
tions for at least three years (IXKatznelson and Jamieson, 
1954). These agents are usually fed to colonies of bees 
or sprayed into the hives in honey or sugar syrup; they 
may also be mixed with powdered sugar and applied to 
colonies as dusts. Antibiotic residues may remain in the 
hive and on the comb, and may be stored in the cells 
for long periods of time before being used up. It was 
considered important therefore to determine the stabil- 
ity of these antibiotics in honey and in sugar syrup at a 
temperature of 34 C, which approximates that in the 
hive. For comparison, a storage temperature of 4 C was 
also used. The results of these studies are presented 


herein. 
EXPERIMENTAL MeEtrHOoDS AND RESULTS 


Although a number of accurate methods for the 
microbiological assay of antibiotics are available, it 
was considered desirable to adopt the simplest  pro- 
cedure that could be used routinely and with moderate 
accuracy in estimating the amounts of various anti- 
bioties present in honey or in sugar syrup. Following 
preliminary trials, the filter paper-dise technique of Loo 
et al. (1945) using a standardized spore suspension of 
Bacillus subtilis ATCC 6633 and Penassay base agar 
(Difco) was adopted for all the antibiotics tested except 
fumagillin. Assays of this antibiotic were conducted 
with Micrococcus pyogenes var. aureus (Strain 209P) and 
phage race “C” according to a procedure developed at 
the Abbott Laboratories, Chicago (Personal Communi- 
cation). However, both honey and sugar inhibited the 
phage and thus rendered inaccurate the assay pro- 
cedure; consequently, fumagillin was not included in 
the subsequent trials. 

Preliminary _ tests the 
dispersion and recovery of antibiotics added to honey. 


were made to determine 


1 Contribution No. 431. 


Twenty ml of concentrated solutions of chlortetracy- 
cline’, streptomycin, and oxytetracycline® were each 
added to one-pound lots of honey in jars. After thorough 
stirring for 10 min, five separate 10-g samples were 
removed from each jar for dilution and assay. Each 
test was made in duplicate and the results are presented 
in table 1. The data obtained in these and other trials 
indicated that the method employed was adequate for 
the purposes of this investigation. 

TaB.e 1. Variation in zone sizes after replicate sampling in an 


assay method for antibiotics added to honey 


Antibiotic 
Sample 
Chlortetracycline Streptomycin Oxytetracycline 
mm* mm mm 

| 20, 20 18, 20 18.5, 19 
2 19, 19.5 19, 20 8, 19 
3 19, 19 i7.., 18 18, 18.5 
| 19, 18.5 Is, 19 19, 19.5 
5 19, 18.5 20, 21 18.5, 19 


* expressed as diameter of zone of inhibition; duplicate 
determinations. 


Number | white honey was pasteurized and 1-1b lots 
weighed into sterile 16-0z ointment jars with metal 
screw covers. Sugar syrup was prepared by adding 10 
pounds of cane sugar to one gallon of tap water at 200 F 
and stirring until dissolved. When cool, the syrup was 
also weighed into sterile jars and capped. 

Concentrated solutions of tetracycline’ (Lederle), 
oxytetracyeline (Pfizer) and chlortetacycline (Lederle 
were prepared by dissolving capsules in warm distilled 
water. Weighed amounts of streptomycin (Merck 
750 wg base per mg) and penicillin sodium G (Merek— 
1650 IU/mg) were likewise prepared in cold distilled 
water. Erythromycin tablets were dissolved by grinding 
in 50 per cent ethanol. Twenty ml of each solution were 
added to the honey and syrup; this was calculated to 
give 90 ug antibiotic per g syrup for all the antibiotics 
except penicillin which was used at a final concentration 
of 90 IU per g. Immediately following the addition, the 
contents of each jar were stirred for 10 min with a sterile 
glass rod and a 10-g sample was removed for dilution 

2 Trade name is Aureomycin. 

3 Trade name is Terramycin. 


‘Trade name is Achromycin. 
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STABILITY OF ANTIBIOTICS IN HONEY AND SUGAR SYRUP 


TABLE 2. Stability of antibiotics in honey (H) and sugar syrup (S) 


Antibiotic Substrate a. 
Orig. Feb. Mar. Apr. 
( 

Ervthromycin H 4 110* 100 90 
H 34 115 15 tr 

S 4 110 105 85 

Ss 34 120 45 0 

Tetracycline H 1 110 50 10) 
H 34 115 15 35 

S 4 112 55 15 

S 34 115 45 34 

Oxytetracycline H H 108 75 32 
H 34 90 | 20 0 

S j 104 60 410 

S 34 90 21 tr 

Streptomycin H 4 8O | 65 57 
H 34 SO 60 54 

S | 78 55 54 

5s 34 74 50 23 

Chlortetracycline H 1 84 {| 80 27 
H 34 88 70 23 

Ss } 8S SO 26 

S 34 8S 207 0 

Penicillin H | 86 15 8 
H 34 87 0 0 

S 4 90 17 2 

Ss 34 90 0 0 


* Expressed as wg per g; penicillin as IU per g. 
+ Contaminated by mold growth in jar. 


and assay. One set of jars was then incubated at 34 C, 
another at 4 C. Aliquots of each antibiotic concentrate 
were also assayed, after dilution, for preparation of 
standard curves. Samples were taken at monthly 
intervals in the same manner from the treated syrups, 
except that those stored at 4 C were placed in a 37 C 
incubator for 30 min prior to removal of the 10-g 
aliquot to reduce \ iscosity. 

The results of analyses over a period of nine months 
are given in table 2. Marked differences in the stability 
of the antibiotics at the two storage temperatures may 
be noted. In every instance stability was favored by 
the lower temperature. Penicillin was the least stable 
compound under all conditions and was completely 
inactive after one month at 34 C. Activity of this 
antibiotic at 4 C was almost negligible even after 2 
mo. Streptomycin, on the other hand, was the most 
stable compound. Erythromycin and oxytetracycline 
were scarcely detectable after 2 mo at 34 C, whereas 
tetracyeline and chlortetracycline showed some activity 
at this temperature at the end of 9 mo. Little signifi- 
cance can be attached to the differences between honey 


and sugar as carriers. 


153 
Sampling Period 
May June July Aug. Sept. Oct. Nov. 
90 70 | 70 68 85 80 60 
0 0 0 0 0 0 0 
95 75 75 75 64 56 56 
0 0 0 0 0 0 0 
40 35 37 36 48 54 24 
35 18 13 12 15 5 2 
45 40 40 35 50 54 30 
13 12 12 10 3 5 2 
22 24 4 | 28 38 17 15 
0 0 0 0 0 0 0 
16 48 55 30 43 30 26 
2 3 0 0 0 0 0 
50 37 32 30 42 31 35 
20 20 21 12 31 18 10 
38 28 30 35 42 33 38 
20 107 3 14 18 i) 8 
32 38 45 42 32 40) 36 
16 14 18 16 5 3 2 
27T 12 10 6 ] 6 2 
0 0 0 0 0 0 0 
0 | 0 0 0 0 0 0 
0 0 0 0 0 0 0 
tr 0 0 0 0 0 0 
0 0 0 0 0 0 0 


Discussion 

The stability of compounds which are effective in 
disease control is obviously a most important con- 
sideration. This applies as much to the chemotherapy 
of diseases of the honeybee as to the treatment of 
diseases of plants and animals. The results presented 
above indicate that antibiotics such as_ penicillin, 
oxytetracycline, erythromycin and chlortetracycline 
are not particularly stable under conditions simulating 
those in a beehive and offer an explanation for the 
observed ineffectiveness of some of these substances in 
the control of diseases of the honeybee such as American 
foulbrood. The recurrence of this disease in colonies of 
bees treated with oxytetracycline may also be due to its 
instability at 34 C. As pointed out earlier, sulfa drugs 
remained effective under these conditions for at least 
three years (Katznelson and Jamieson, 1954). Thus, it 
is obvious that the acceptance of antibiotics for con- 
trolling bee diseases must be based, in part at least, on 
their behavior under hive conditions. 


SUMMARY 


Tests on the stability of six antibiotics stored in honey 
and sugar syrup at temperatures of 34 C and 4 C for 9 
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months indicate that all are more stable at 4 C. Peni- 
cillin was the least stable compound and streptomycin 
the most. Tetracyeline and chlortetracycline showed 
some activity at the end of nine months whereas 
oxytetracyeline and erythromycin were scarcely de- 
tectable after two months’ storage at 34 C. 
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The Occurrence of Leuconostoc mesenteroides in Potato 


Tubers and Garlic Cloves' 


M. A. SmMIrH AND 


Biological Sciences Branch, Agricultural Marketing Service, l 


C. F. Niven, Jr. 


’S. Department of Agriculture, Chicago, Illinois, 


and Division of Bacteriology, American Meat Institute Foundation, Chicago, [linois 


teceived for publication November 15, 1956 


In February 1956, California-grown White Rose 
potatoes that showed internal discolorations similar to 
leak-producing fungi (Pythium 


Market 
Laboratory, Chicago, Illinois (figure 1A). None of the 


those produced by 
species) were received at the Pathology 
tubers showed mechanical injuries or evidence of any 
known type of decay. When the tubers were cut, a gray 
or grayish black discoloration was evident on the cut 
surface (figure 1B). None of the tissues were soft and 
watery, characteristics of potatoes affected with 
Pythium species. Microscopic examination of free hand 
sections from the discolored areas in the tubers failed to 
reveal the presence of fungi. Broth cultures of excised 
tissues from the discolored areas, however, showed the 
presence of viable gram-positive cocci, which proved to 
be identical to Leuconostoc mesenteroides (Cienkowki) 
Van Gieghem. 

In 1947, samples of 
showed a high percentage of waxy breakdown were 


Louisiana-grown garlic that 


received at the Market Disease Laboratory (figure 1D). 
Little is known as to the cause of waxy breakdown 
except that no causal organism seems to be associated 
with it (Ramsey and Wiant, 1941). Cultures from the 
cloves showing waxy breakdown, as well as from 
apparently healthy cloves, yielded an organism which 
proved to be L. mesenteroides. Subsequently L. mesen- 


' Journal Paper No. 141, American Meat Institute Founda 
tion 


teroides has been isolated occasionally from garlic cloves 
affected with waxy breakdown and also from apparently 
healthy garlic received from California, Mexico, Italy, 
and Chile (figure 1C). 


MATERIALS AND Metuops 


Whole potato tubers were thoroughly washed in 
detergent, immersed in 0.1 per cent bichloride of 
mercury solution for 5 min, and then rinsed in sterile, 
distilled water, and towelled dry. Small pieces of tissue 
were excised from cuf or broken surfaces of affected 
potatoes from (a) the cortical tissue, (b) the vascular 
ring, and (c) the pith area. Tissue was also removed 
from undiscolored areas adjacent to the pith. Pieces of 
tissue were transferred to a tryptone-beef extract broth 
and also planted on plates of potato glucose agar. All 
cultures were incubated at 25 C., 

After 24 hr incubation there was slight turbidity in 
some of the broth cultures, but growth was not apparent 
around any of the tissue plantings on the agar plates. 
After incubation for 48 hr, bacterial growth was evident 
in all broth cultures and also around the tissue plant- 
ing. Stained preparations from both the broth cultures 
and agar plates revealed only the presence of gram- 
positive cocci which were nonmotile and occurred in 
short chains. 

In most instances the garlic cloves that were ex- 


amined were similarly cleansed and soaked in 0.1 per 
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Fig. 1. A and B, external and internal views of potato from which Leuconostoc mesenteroides was isolated; C, bulb of Chilean- 


grown garlic; D, Louisiana-grown garlic. L. mesenteroides was isolated from cloves affected with waxy breakdown and from appar- 


ently healthy cloves 


cent of bichloride of mercury for 5 to 10 min. The 
cloves were then rinsed in sterile, distilled water and 
emulsified in a sterile Waring blendor with distilled 
water. The emulsion was plated quantitatively on a 
tryptone-yeast extract-glucose agar and incubated at 
25 C for 2 days. 


RESULTS AND DISCUSSION 


All microorganisms detected and isolated from dis- 
colored as well as from adjacent undiscolored tuber 
tissues proved to be members of the genus Leuconostoc. 
However, not all garlic cloves cultured, whether dis- 
eased or normal in appearance, yielded Leuconostoc. 
When the organism was present, the counts usually 
ranged from 10,000 to 25,000 per g of tissue. Because of 
the manner in which the garlic cloves and the potato 
tubers were prepared for culture, it is believed that 
these microorganisms occurred inside the respective 
tissues and not as surface contaminants. 

Two cultures from garlic cloves showing waxy 
breakdown, two from apparently healthy cloves, and 
two from the discolored potato tubers were studied in 
detail for species identification. All six produced large 
quantities of carbon dioxide from glucose fermentation 
and typical mucoid colonies on a nutrient agar con- 
taining 5 per cent sucrose. They failed to reduce nitrate 
or to hydrolyze sodium hippurate, arginine, gelatin, or 
starch. All cultures fermented arabinose, xylose, 
mannose, fructose, lactose, maltose, sucrose, trehalose, 
raffinose, and mannitol. They did not ferment glycerol 
or sorbitol. The potato isolates fermented inulin, but 
those from garlie did not. All of these cultures studied 


in detail are identical with L. mesenteroides (Breed et al., 
1948). 

Leuconostoc species are known to be associated with 
fermenting meat, sauerkraut, pickles, silage, milk, and 
other foods (Niven et al., 1949; Pederson and Albury, 
1953). So far as the writers are aware, this is the first 
report of the isolation of L. mesenteroides from either 
potato tubers or garlic cloves. 

SUMMARY 

Typical strains of Leuconostoc mesenteroides were 
isolated from the inside of potato tubers showing a 
grayvish-black discoloration on the surface as well as the 
interior. No other microorganisms were detected, and it 
is believed that the Leuconostoc species may have been 
associated with the unusual discoloration. 

Similar cultures of L. 
occasionally inside both normal garlic cloves and those 


mesenteroides were found 


having waxy breakdown symptoms. It appears that 
these microorganisms are not the primary cause of the 
waxy breakdown disease. 
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Putrefactive Anaerobe strain 3679 (PA 3679) is of 
interest to the food microbiologist because it has been 
responsible for the microbial spoilage of certain types of 
thermally processed foods. It is also of interest because 
the spores of this organism have a high degree of heat 
resistance and their thermal death rate is frequently 
used in the calculation of thermal processes for low 
acid canned foods. 

Previous procedures for producing spores of PA 3679 
have required complex media and long incubation 
periods: Reed et al. (1951), Heiligman et al. (1956), 
McClung (1935), National Canners Association (1954), 
and Roth and Halvorson (1952). In addition, many of 
these media particulate material which is 
difficult to remove from the spore harvest. 


contain 


The objectives of this investigation were two-fold: 
(a) to develop a clear medium which would stimulate 
vegetative growth as well as maximum sporulation 
within shorter incubation periods and (b) to devise a 
cleaning procedure, without the use of heat, which 
would effectively remove the vegetative cells and debris 
from the harvested spore crop without impairing the 
viability of the treated spores. 


MATERIALS AND METHODS 


While the taxonomic position of PA 3679 is not 
entirely clear, it is closely related to Clostridiwm 
sporogenes. The two strains used in this investigation 
were the National Canners Association (NCA) strain® 
and a mutant strain selected for its sporulation ability 
from the NCA strain by Dr. A. Lund of the Hormel 
Institute, Austin, Minnesota. The mutant differs from 
the parent strain in its inability to ferment starch or 
dextrin. 

The degree of sporulation was determined by count- 
ing the total number of spores and vegetative cells 
present in 5 fields in a wet mount prepared from the 
culture to be examined. The fields were selected at 
random and were examined under a phase microscope 
using the dark contrast objective. While we 
primarily interested in the percentage of spores, the 
total number of cells in a field also gave an approximate 


were 


| This investigation was supported by a research grant from 
Charles Pfizer and Company, Brooklyn, New York. 

2 Present address, Research Laboratories, John Morrell and 
Company, Ottumwa, Iowa. 

3 Kindly supplied by C. B. Denny of the National Canners 
Association, Washington, D. C. 
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evaluation of the ability of the particular medium to 
support vegetative growth. 

Unless otherwise indicated, all media used in the 
sporulation studies were adjusted to an initial pH of 
7.2 and incubation was at 37 C for 44 to 48 hr. 


RESULTS 

Sporulation of the NCA strain. The following media 
were evaluated for their ability to stimulate the forma- 
tion of spores by the NCA strain: brain heart infusion 
(Difco); egg-meat medium (Difco); pork infusion broth 
(Andersen, 1951); pea-pork infusion agar (Andersen, 
1951); casitone (Reed et al., 1951); cooked meat medium 
(Difco); and a trypticase medium described by Hitzman 
et al. (1955). 

At the end of a 48-hr incubation period a spore yield 
of 50 to 60 per cent was obtained in the pea-pork 
infusion medium, whereas all the other media produced 
less than 10 per cent spores. When a pea infusion was 
added to each of the other media the spore yield was 
improved, but in no instance did it exceed 30 to 40 per 
cent. The pea infusion was prepared by grinding the 
peas with an equal volume of water in a Waring blendor 
and then the larger particles were removed by straining 
through four thicknesses of cheesecloth. The pea in- 
fusion was added to the several media at the level of 10 
per cent by volume. Various fractions of the peas, such 
as ash, fat, and water soluble extract, were then tested 
for their individual effect on sporulation. Every fraction 
tested caused some increase in the spore yield but none 
matched the infusion made from the whole pea. 

Studies concurrent with those on the pea infusion 
demonstrated that a good spore yield could be obtained 
in media containing high levels of trypticase The 
trypticase media did not contain the particulate matter 
that was always associated with the pork or pea infusion 
media and therefore it offered an improved possibility 
for the subsequent cleaning of the spore harvests. Fur- 
ther experimentation was directed toward the improve- 
ment of a basal trypticase medium. 

Attention was first directed toward the effect of the 
trypticase level and the initial pH of the medium. The 
results of this experiment are presented in table 1. The 
data in the table indicated that the optimum pH for 
sporulation was pH 7.2 and suggests that the pH range 
for sporulation is narrower than that for good vegetative 
growth. It is also to be noted that at pH 7.2 the per cent 
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TaBLE 1. The effect of initial pH and per cent trypticase on 
strain 3679 (NCA) 


sporulation of Putrefactive Anaerobe 


* Initial PH | prypeicase* | “Cells)$ Fields | “Sporest’ | Final pH 
8.0 l 81 2 8.1 
2 148 5 8.2 
3 254 8 8.3 
4 Clumped 10t 8.3 
5 Clumped 10 8.3 
7.2 1 107 1 7.6 
2 205 3 7.5 
3 278 37 7.8 
t 278 73 y Gf 
5 Clumped 85 fe: 
6.0 l 78 4 7.0 
2 245 ] 6.9 
3 274 7 “cs 
1 264 6 7.0 
5 Clumped 10 i fa 


* Each medium also contained 0.1 per cent sodium thiogly- 
colate. 

+ Determined at the end of incubation for 48 hr at 37 C. 

tIn all cases where clumps were found an estimate was 
made of the per cent spores. 


sporulation increased as the level of trypticase was 
increased. Further experiments indicated an additional 
increase in both the total count and the percentage of 
spores when the trypticase level in the medium was 
increased to 10 per cent. 

Our next experiments were directed toward the 
improvement of sporulation in media containing a low 
level of trypticase. It was found that, when trypticase 
was ashed (AOAC, 1950) and the ash added back to a 
basal media of 1 per cent trypticase, sporulation was 
increased. An approximate analysis of trypticase was 
obtained from H. D. Vera (Personal Communication) 
and many salts representative of the elements found in 
trypticase were tested for their effect. It was subse- 
quently found that when ammonium sulfate, at a level 
of 1 per cent, was added to 3 per cent trypticase the 
spore percentage equalled that produced in 10 per cent 
trypticase. However, the 10 per cent trypticase pro- 
duced a higher total cell yield and consequently more 
spores per milliliter. 

It was deemed desirable to determine whether the 
ammonium ion or the sulfate ion, or both, were respon- 
sible for the stimulation of spore formation by the NCA 
strain. These experiments were performed in a basal 
medium of 2 per cent trypticase, as it had been pre- 
viously demonstrated (table 1) that this medium would 
support a good yield of vegetative cells which sporulated 
poorly. The amount of nitrogen or sulfur added in each 
test was equivalent to that supplied by one per cent 
ammonium sulfate. Sulfate was added as H.SO,, ZnSQx,, 
NasSO,4, KeSO,, NiSO;, MnSO,, MgSO,, FeSO,4, CuSO,, 
and (NH,)oSO,. All the above sulfate salts produced 


TABLE 2. The effect of different ammonia and sulfur sources on 
the sporulation of Putrefactive Anaerobe strain 3679 (NCA) 


! 


Incubation Time (Hr) 


—— Additive* 2 | 36 | 40 | 44 | 48 | 02 
Per cent spores 

] NH,Cl 0 2/15); 16] 13] 11 

2 (NH4)2S04 | O 10 | 29 | 43 | 44 | 30 

3 K.SO, 0 2 6 6 6 4 

4 NH,Cl + K:SO, 0 20 | 29 | 42 | 35 | 19 

5 None 0 2} 0 | 0) 0 


* Basal media: 2 per cent trypticase; 0.1 per cent sodium 
thioglycolate. In each case, the amount of ammonium or 
sulfate ion added was equivalent to that which would be 
supplied by 1 per cent ammonium sulfate. 


some stimulation but in no case did it approach that 
produced by ammonium sulfate. The pH was checked 
after sterlization and at various time intervals up to 
48 hr of growth. It did not vary outside the range for 
optimum sporulation. 

The nitrogen compounds tested were ammonium 
chloride, ammonium citrate, ammonium phosphate and 
urea. Both ammonium chloride and ammonium 
phosphate stimulated sporulation but in each case the 
spore percentage was only about one-half that obtained 
in the ammonium sulfate medium. 

To substantiate further the stimulation provided by 
the ammonium and sulfate ions another experiment was 
performed using the sources of ammonia and sulfur 
listed in table 2. Sporulation was measured following 
various incubation periods in order to obtain informa- 
tion on the rate of sporulation and the time when the 
culture contained the maximum number of spores. The 
data in table 2 indicate that maximum sporulation 
occurred in the medium which contained ammonium 
sulfate or an equivalent amount of both ammonium 
and sulfate ions, if supplied by different salts. Either ion 
alone provided some stimulation but in no case did it 
equal that provided by the combination of the two ions. 

Sporulation of the mutant strain. The procedure for 
producing spores of the mutant strain was similar to 
that of A. J. Lund (Personal Communication). 

The initial medium (L-1) contained 1 per cent 
trypticase, 0.5 per cent glucose, 0.1 per cent yeast 
extract and 0.1 per cent sodium thioglycolate and was 
adjusted to pH 7.2. As soon as the medium cooled 
following sterilization, it was inoculated at the rate of 
0.1 per cent with a pasteurized spent medium (L-2) 
spore culture. Following a 3-day incubation period at 
37 C, the cells were removed by centrifugation. The 
supernatant was fortified with 2 per cent trypticase and 
0.1 per cent sodium thioglycollate and then adjusted to 
pH 7.4 prior to sterilization. This fortified spent medium 
was designated as L-2. Inoculation was the same as for 
the L-1 medium. Following incubation, the mixed spore 
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and vegetative cell culture was stored at 4 C for 4 to 7 
days prior to harvesting and cleaning. 

In the L-2 medium, the mutant strain produced from 
75 to 85 per cent spores. A factor, or perhaps several 
factors, was produced by the vegetative cells growing 
in the L-l medium that was necessary for sporulation 
of this strain. The factor was heat stable and dializable. 
Treatment of the L-l medium after growth with a 
cation exchange resin (Dowex-50)! removed the fac- 
tor(s). Further attempts to characterize the spent 
medium factor(s) were negative. 

Various modifications of the L-2 medium were tested 
for their effect on sporulation. The initial pH of the 
spent medium was changed from 7.0 to 7.6 without any 
apparent effect but pH levels outside these limits 
markedly decreased the spore yield. The addition of 0.5 
per cent glucose to the L-2 medium increased the total 
number of spores several fold, but subsequent germina- 
tion was rapid if the spores were not harvested at the 
proper time. The addition of starch, as recommended by 
Olsen and Scott (1950) to remove inhibitors, was also 
ineffective. When either the NCA strain or Clostridium 
roseum were grown in the L-l medium and the super- 
natants from such cultures used in the preparation of 
the L-2 medium, sporulation by the mutant strain was, 
in each case, markedly reduced. 

The mutant strain grew abundantly in the | per cent 
ammonium sulfate-3 per cent trypticase medium which 
was developed for sporulation of the NCA strain. In 
this medium the maximum spore vield was only about 
40 per cent and this aspect was not further investigated. 
These results did, however, indicate that the spent 
media factor(s) could be replaced in the production of 
mutant strain spores. 

The preparation of clean spore suspensions. As it was 
desired to subsequently use the spores for a detailed 
investigation of the germination process, it was nec- 
essary to develop a procedure which would effectively 
remove the vegetative cells and debris from the spore 
harvest. Various procedures have been reported in the 
literature for the separation of the vegetative cells from 
spores: Tytell (1949) was not working with spores but 
he found that he could rapidly lyse the vegetative cells 
of Clostridium perfringens when he suspended them in 
phosphate buffer; Hitzman et al. (1955) recommended 
the use of toluene to aid in the cleaning process; re- 
peated washings were used successfully by Stewart and 
Halvorson (1952); E1-Bisi and Ordal (1956) ground the 
spore and vegetative cell mixture in a micro Waring 
blendor for short intervals between washings; and 
Heiligman et al.-(1956) used a sonic oscillator to aid in 
cleaning. These procedures were unsatisfactory for our 
harvests. The procedure of Heiligman (sonic oscillation) 
was not attempted. 

Preliminary work indicated that lysozyme was capa- 


* Dow Chemical Company, Midland, Michigan. 
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ble of lysing the vegetative cells without adversely 
affecting spore viability. Further experimentation led 
to the development of the following procedure: The 
spores and vegetative cells were centrifuged from the 
growth medium, washed once with distilled water, and 
the paste resuspended in a sterile (Seitz-filtered) 
lysozyme solution containing 0.5 mg per ml of lysozyme, 
The temperature was maintained at 37 C and agitation 
continued for 2 hr in a flask containing a magna-mix 
stirring bar. The pH was then raised to pH 10 to obtain 
further solubilization of the vegetative cells. This pro- 
cedure was adapted from a study of the “Nakamura” 
effeet by Grula and Hartsell (1954). After 5 min the 
pH was re-adjusted back to pH 7.0 and the vegetative 
debris removed by repeated washings with sterile dis- 
tilled water. Each spore harvest was washed from 10 to 
14 times after the lysozyme treatment. 

The effect of the lysozyme treatment on spore via- 
bility was determined by comparing the recovery counts 
of an aliquot of a NCA strain spore suspension, treated 
with lysozyme, with those of a second aliquot similarly 
treated with distilled water. Mach suspension was then 
pasteurized (5 min at 98 C) to eliminate any vegetative 
cells and the number of viable spores determined by 
the spin tube technique (Saleh and Ordal, 1955). 
Sterile sodium bicarbonate was aseptically added to 
each of the recovery media at a level of O.1 per cent 
just prior to inoculation. The data, presented in table 3, 
indicate that the lysozyme did not adversely affect the 
viability of the treated spore suspension. Comparable 
results were obtained when spore suspensions of the 
mutant strain were similarly treated. 


SUMMARY 


An initial investigation was conducted to develop 
media, free of particles, which would stimulate good 
sporulation within short incubation periods for two 
strains of Putrefactive Anaerobe strain 3679. In media 
previously recommended for the production of spores by 
the NCA strain, the addition of pea infusion stimulated 
sporulation and the incubation period could be short- 
ened to 48 hr. These media contained particles from the 
peas which made it impossible to satisfactorily clean the 
spore harvests. It was subsequently determined that a 
trypticase medium supported sporulation and _ the 
per cent sporulation increased with an increase in the 
concentration of trypticase. In low level trypticase 


TABLE 3. The effect of lysozyme on spore viability 
Spores per Ml 


Pea-pork infusion agar Eugon agai 


Lysozyme treated 2 


2.7 X 108 6.3 <X 10! 
Control* 9.1 


x 105 3 X 105 


* Identical treatment, except that distilled water was 
used in place of the lysozyme solution. 
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media, sporulation was stimulated by the addition of 
ammonium sulfate. Further experiments indicated that 
both the ammonium and sulfate ions were necessary for 
maximum sporulation when added to a basal medium of 

2 per cent trypticase. While the maximum number of 
spores were produced in a medium containing 10 per 
cent trypticase, an equivalent per cent sporulation was 
obtained in a medium containing 3 per cent trypticase 
and | per cent ammonium sulfate. 

The mutant strain sporulated readily in the medium 
devised by Lund (Personal Communication). However, 
some sporulation also occurred in the 1 per cent ammo- 
nium sulfate-3 per cent trypticase medium developed for 
the NCA strain. Attempts to characterize the spent 
medium factor(s) of the L-2 medium were unsuccessful. 

Several procedures, recommended by other investi- 
gators, were tested for their ability to separate the 
vegetative cells and debris from the spores. These 
procedures were unsatisfactory for our spore harvests. 
A method was developed, using lysozyme, which effec- 
tively separated the spores from the vegetative material 
without adversely affecting the spore viability. Lyso- 
zyme was added to a concentrated spore harvest at the 
level of 0.6 mg per ml. Following incubation for 2 
hr at pH 7.0 and 37 C, the pH was raised to pH 10, 
and after 5 min was lowered again to pH 7.0. The spores 
were then washed from 10 to 14 
distilled water. 


times with sterile 
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Investigations on the associative interrelationships 
between microorganisms have engaged increasing atten- 
tion in recent years. As is well known, these relationships 
play an important role in nature and also in many 
branches of industrial microbiology. In view of the 
great significance of these associative phenomena in 
biology, and especially in microbiological ecology, this 
is undoubtedly a field in which great and important 
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Fic. 1. Three-compartment dialysis cell; a 
E, rubber packings. 


discoveries have yet to be made. However, new 
techniques will certainly be developed to solve the 
difficult problems accompanying the study of the 
biochemistry of mixed microbial populations. The 
classical pure culture methods are in most cases in- 
applicable to these studies, or yield only scant informa- 
tion on the chemical factors affecting associations of 
microorganisms. 

The author has previously shown that in certain 
cases the chemical factors affecting symbiosis among 
lactic bacteria are vitamins of the B complex and 
amino acids (Nurmikko, 1952). On the basis of the 
symbiotic interrelationships between different species 
of lactic acid bacteria, a method, designated the sym- 
biotic technique, (Nurmikko 

1 This. paper deals with those growth factors which are 
secreted by microorganisms into the growth medium. Produc- 
tion of some growth factors with certain microorganisms, com 
paring especially the secreted part of growth factors to the 
amounts of those reserved by the cells, will be presented in a 
later paper. 


has been developed 
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1954, 1955, 1956). This method affords opportunities 
for elucidating the biosynthetic pathways of microbial 
growth factors such as vitamins and amino acids. More 
recently, an approach to the study of the interrelation- 
ships among microorganisms has been made (Nur- 
mikko, 1955b). A simple apparatus has been constructed 
in which the organisms under investigation are sepa- 


rated from each other by one or more dialysis 
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;a,b, and e. A, dialysis membrane; B, rubber gaskets; C, aluminum hoops; D, set screws} 


membranes in a cell divided into two or more com- 
partments. In these experimental conditions micro- 
organisms can also grow in associations composed of 
more than two species, 

In this paper a method is described for assaying such 
growth factors as vitamins and amino acids produced 
by microorganisms, using various dialysis cell systems. 
This method permits the assay directly in the growing 
cultures. 

MATERIALS AND METHODS 


Description of dialysis cell. The apparatus consists 
of two or more compartments made of Pyrex glass, 
each furnished with a glass tube open at the top, which 
can be plugged with cotton wool. Figure 1 shows a three- 
compartment dialysis cell. Each compartment. has 
approximately a 12- to 15-ml capacity (not including 
glass tube). As shown in figure 1, dialysis membrane 
(A)? is placed between the compartments, the surfaces 


2 Cellulose No. 4465-A2, Arthur H. Thomas Co., Philadel- 
phia, Pennsylvania. 
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Fic. 2. Six of the 


sembled on a rack. 





Fig.3. Modification of dialysis cell with two compartments; 
fand ¢, growth chambers. 





Fig. 4. Modification of dialysis cell with two compartments ; 
aand d, growth chambers. 


between the glass sections being ground smoothly, and 
held in place by rubber gaskets (B). The compartments 
are connected by aluminium hoops (C) equipped with 
set screws (D) and rubber packings (E). As the walls of 
the glass compartments and the rubber packings are 
slightly conical, the joints can be made water-tight 
by tightening the screws (D). Figure 2 shows six of the 
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Fic. 5. Modification of dialysis cell, a and ec, growth cham- 
bers. Middle compartment consists of a 50-ml Erlenmeyer flask. 





Fic. 6. Modification of dialysis cell with two compartments; 
d, growth chamber. 


three-compartment dialysis cells assembled on the 
rack for the experiment. 

¢ The dialysis cell deseribed 
above was employed mainly when lactic acid bacteria 
were used as test organisms in microbiological de- 
terminations. Figure 5 shows a modification of the 
same apparatus for the experiments in which a Neuro- 
spora mutant was used as test organism. This dialysis 
cell likewise consists of three compartments, but the 
middle compartment consisted of a 50-ml Erlenmeyer 


three-compartment 


flask. Figures 3, 4, and 6 show other modifications of 
the dialysis cell with two compartments. The use of 
these cells will be described later in this paper. 
Cultures and inocula. The organisms used were 
Lactobacillus arabinosus strain 17-5, Streptococcus 
faecalis strain R, Escherichia coli, Oospora lactis, and 
Neurospora sitophila (ATCC 9276). The lactic acid 
bacteria stock cultures were transferred by stab ioc- 
ulation into the glucose-citrate-tryptone-yeast extract 
agar medium of the following composition: 1 per cent 
glucose, 1 per cent sodium citrate, 0.5 per cent Bacto- 
tryptone (Difco), 1.5 per cent agar and 20 per cent 
(by volume) yeast extract. The yeast extract was 
prepared as follows: 1 kg of fresh yeast was suspended 
in 1 L of water, and kept for approximately 24 hr at 
42 C. It was then centrifuged and the cell-free solution 
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used. The pH of the agar medium was 6.7. The medium 
was sterilized by autoclaving for 15 min at 112 to 
115 C (Nurmikko, 1954). /. colt was maintained on 
Bacto Nutrient Agar (Difco) slants with transfers 
at biweekly intervals, incubated at 37 C for 24 hr. O. 
lactis and N. sitophila were maintained on Bacto Neuro- 
spora Culture Agar (Difco) slants by biweekly transfer, 
with incubation at 30 C for 24 to 48 hr. 

The inocula of lactic acid bacteria and of FE. coli 
were prepared by transferring the organisms from the 
stab culture to the glucose-citrate-tryptone-yeast 
extract medium. After incubation for 16 to 18 hr at 
37 C, the cells were centrifuged out and washed with 
0.9 per cent sterile saline. This process was repeated, 
the cells being washed 2 to 3 times. The cells were 
finally suspended in saline. One drop of barely visible 
suspension was used as inoculum for approximately 
5 ml of the final medium in the dialysis cell and in the 
test tubes. O. lactis and N. sitophila were transferred 
directly with a sterile platinum loop from the agar 
slants to saline, care being taken not to transfer agar 
medium together with the spores or mycelium. 

Assay procedure. The dialysis technique of micro- 
biological assay for vitamins and amino acids produced 
by the microorganisms was as follows: Using lactic 
acid bacteria as test organism, the basal media of 
Henderson and Snell (1948) (in phenylalanine assay), 
and Anderson and Elliker (1953) (in nicotinic acid 
assay) in slightly modified form as described previously 
(Nurmikko 1954, 1955a) were used. In assays with 
Neurospora sitophila, Bacto Pyridoxine Assay Medium 
(Difco) was used. All basal media, free of the vitamin or 
amino acid to be determined, were prepared at twice 
their final concentration. The standard vitamin or 
amino acid solutions were added at increasing levels to 
the test tubes (Pyrex 14 x 155 mm) when lactic acid 
bacteria were used as test organisms, or to the [rlen- 
meyer flasks (50 ml) when the assay organism was 
N. sitophila. Duplicate tubes or Erlenmeyer flasks were 
set up to obtain the values for the standard curves. 
Using lactic acid bacteria, the standard vitamin or 
amino acid solution was added in the following amounts: 
0, 0.5, 1.0, 1.5, 2.0, and 2.5 ml per tube. Quantities of 
2.5 ml of the basal medium were then placed in the 
test tubes, and the total volume adjusted with dis- 
tilled water to 5 ml. In pyridoxine assays with Neuro- 
spora, 15-ml quantities of the basal medium were 
placed in Erlenmeyer flasks. Up to 15 ml of standard 
pyridoxine solution were added and the volume ad- 
justed with distilled water to 30 ml. In all cases, the 
basal medium used was diluted with an equal volume 
of distilled water and placed in the dialysis cells. 

After autoclaving at 112 C for 7 min, the dialysis cells 
and test tubes or Erlenmeyer flasks were cooled, then 


inoculated and incubated at 37 C (lactic acid bacteria 
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as test organisms) or 30 C (Neurospora as test organ. 
ism). 

The growth response of lactic acid bacteria was 
followed turbidimetrically. The extent of growth was 
recorded as galvanometer readings on a Klett-Summer- 
son photoelectric colorimeter with a 660-my filter. 
In vitamin Bg assay, dry mycelial weights of Neuro. 
spora Were determined. The mycelium was harvested by 
filtering the culture medium through a filter paper 
placed in a Buchner funnel. After washing with distilled 
water, the mycelium was dried at 100 C for 3 to 4 
hr and weighed. Also, the extent of the growth of 
IE’. coli and O. lactis was measured by weighing the dried 
cells. The cells of EL. coli were harvested by centti- 
fugation, and the cells of Oospora by filtering the culture 
filtrates through a membrane filter. Both organisms 
were washed with distilled water and dried at 100 C 
overnight. 

A standard curve was prepared by plotting growth 
(dry weight of the cells) against micrograms of vitamin 
or amino acid per ml in the test tubes or Erlenmeyer 
flasks of the standard series. From this standard curve 
the amount of vitamin or amino acid per ml in the 
compartment of the assay organism was determined. 
Since the volume of the growth medium in the com- 
partment of the test organism was exactly known, it 
was possible to calculate the amount of the vitamin or 
amino acid which was produced by the microorganism 
An example of the calculation: In a 
separate phenylalanine assay with a 3-compartment 
dialysis cell (figure 1; in table 5, dialysis cell no. 1), 
it was calculated from the standard curve that the 


investigated. 


production of L-phenylalanine by FE. coli was 1.33 ug 
per ml. The volume of the growth medium in the 
middle compartment was 18.9 ml. Thus, the whole 
production of L-phenylalanine was 1.33 X= 18.9 = 
25.1 ug. The dry cell weight of 2. coli (obtained from 
both the end compartments) was 16.7 mg. Conse- 
quently the production of L-phenylalanine by F. coli 
per mg of dry weight was 1.5 ug. 


RESULTS 
Control experiments. To test the accuracy of the 
dialysis method, a series of control experiments was 
carried out to determine the percentage recovery. In 
these experiments, nicotinic acid and phenylalanine 
assays were made with L. arabinosus 17-5 and folie 
acid assay with S. faecalis R as test organism, using a 
3-compartment dialysis cell of the model shown in 
figure 1. In pyridoxine determinations, the test orgal- 
ism was NV, sitophila (ATCC 9276) and the apparatus was 
the 3-compartment dialysis cell illustrated in figure 9. 
In all determinations, known amounts of amino acid 


or vitamin were added to the two end compartments 
after sterilization and cooling. The middle compartment 
was then immediately inoculated with the — assay 
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TABLE 1. Recovery of nicotinic acid* 


Nicotinic Acid 


Added 


Average 


Found 


be 
0.21 

0.19 
0.19 
0).25 


Deviation Recovery 
BE per cent 
+0.01 105 
-0.01 95 
—().01 95 
40.05 125 
+0.03 115 
—0.01 9S 
0.00 100 
+0.01 102 
+0.01 102 
+().02 105 
104.2 


* Three-compartment dialysis cells. Lactobacillus arabinosus 


strain 17-5 as test organism. 


TABLE 3. Recovery of pyridoxine* 


Pyridoxine 


Deviation Recovery 
Added Found 

hg Mg ug per cent 
0.40 0.41 +0.01 102 
0.40 0.40 0.00 100 
0.50 0.54 +0 .04 108 
0.50 0.48 —(} .02 96 
0.50 | 0.56 +0 .06 112 
0.50 0.52 +0 .02 104 
0.60 0.62 +().02 103 
0.60 0.56 —(0.04 93 
0.60 0.63 +-().03 105 
0.60 0.58 —().02 97 
Average 102.0 


* Three-compartment dialysis cells. Neurospora sitophila 


as test organism. 


TABLE 4. Recovery of L-phenylalanine* 


L-Phenylalanine 





TABLE 2. Recovery of folic acid* 
Folic A 
Deviation Recovery 
Added Found 
mp mpg Me per cent 
8.0 8.2 +0.3 104 
8.0 Ca —0.3 96 
8.0 8.3 +0.3 104 
8.0 8.4 +().4 105 
8.0 9.2 1.2 115 
S.0 8.3 +(0.3 104 
S.0 7.8 0.2 OS 
S.0 7.6 —0.4 95 
Average 102.6 


* Three-compartment dialysis cells. Streptococcus faecalis 


strain R as test organism 


organism. In the experiments in which L. arabinosus 
7-5 was used, the time of incubation was 72 hr. In 
the Neurospora assays the time of incubation varied 
from 60 to 72 hr. 

An indication of the accuracy of the method may be 
obtained from the results of the recovery experiments 
presented in tables 1 to 4. The results show that the 


quantitative recovery of nicotinic acid, folie acid, 
pyridoxine and phenylalanine with mean average 


102.9 per cent (when all determinations of these com- 
pounds were taken into consideration) was obtained 
when known amounts of these compounds were added 
directly to the dialysis cell used for assaying by the 
procedure described. The recoveries of the compounds 
tested were between 93 and 125 per cent. The greatest 
Variation was found in nicotinie acid assays (ranging 
from 95 to 125 per cent) and the lowest variation in 
Phenylalanine assays (ranging from 100 to 108 per 
cent). It was found that the variation was approxi- 
mately + 5 per cent of the average (102.9 per cent) 
recovery. 


Deviation Recovery 
Added Found 

Mg us ug per cent 
20.0 20.9 +0.9 104 
20.0 yA We | +1.7 108 
20.0 20.1 +0.1 100 
40.0 40.3 +0.3 101 
80.0 84.7 +4.7 106 
SO.0 83.2 +3.2 104 
80.0 81.0 +1.0 101 
80.0 81.0 +1.0 101 

Average . 103.0 


* Three-compartment dialysis cells. Lactobacillus arabinosus 
strain 17-5 as test organism. 


Experiments on the production of growth factors. In 
order to obtain information on the usefulness of the 
dialysis method, the production of nicotinie acid, 
folic acid, and phenylalanine by F. coli and the pro- 
duction of pyridoxine by O. lactis were studied. The test 
organisms and the basal media in these determinations 
were the same as those used in the control experiments. 
Folic acid, phenylalanine and pyridoxine assays were 
carried out with a 3-compartment dialysis cell and 
nicotinic acid assay with a 2-compartment dialysis 
cell. Using the 3-compartment dialysis cell, the two end 
compartments were inoculated with the microorganisms 
to be investigated and the middle one with the assay 
organism. Using the 2-compartment dialysis cell in 
nicotinic acid assay, one compartment was inoculated 


with E. coli and the other with L. arabinosus 17-5. 


The results of these experiments are given in tables 
5 to 8. As can be seen in table 5, the production of L- 
phenylalanine by F. coli in the experimental conditions 
used was 1.4 ug per mg of cell dry weight. This is a 
mean value obtained from 5 individual determinations 
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TaBLE 5. Production of u-phenylalanine by Escherichia coli* 


Dialysis Cell Growth of E. coli L-Phenylalanine 


No. (Dry Wt of Cells) Produced 
mg ug 
1 16.7 25.1 
4 13.6 20.0 
3 10.4 16.6 
} 11.9 15.4 
5 13.4 17.6 
Average 


L-Phenylalanine 
Produced per Mg 
(Dry Wt of Cells) 


Mg 
1.50 
1.47 
1.60 
1.29 


1.31 


* Three-compartment dialysis cells. Lactobacillus arabinosus 


strain 17-5 as test organism. 


TaBLe 6. Production of nicotinic acid by Escherichia coli* 


Growth of E. coli 


(Dry We of Nicotinic Acid 


Dialysis Cell 


No. Cells) Produced 
meg BE 
] 8.0 0.324 
2 9.2 0.376 
> 10.1 0.451 
1 7.1 0.270 
5 9.6 0.445 
6 10.0 0.340 


Average 


Nicotinic Acid Pro- 
duced Per Mg (Dry 
Wt of Cells 


ug 
0.040 
0.041 
0.431 
0.038 
0.046 
0.034 


0.040 


* Two-compartment dialysis cells. Lactobacillus arabinosus 


strain 17-5 as test organism. 


Tape 7. Production of folic acid by Escherichia coli* 


Dialysis Cell Growth of E. coli Folic Acid Produced 
a: Ga ‘ Dry Wt of Folic Acid Produced | per Mg (Dry Wt of 
ses Cells) Cells 
me mp mys. 
] isd 1.62 0.260 
2 17.1 1.65 0). 274 
3 18.4 1.73 0).257 
} 18.1 1.99 0.276 
5 20.3 1.73 0.233 
Average 0.260 


* Three-compartment dialysis cells. 
strain R as test organism. 


Stre ptlococcus fae calis 


TaBLeE 8. Production of vitamin Be (pyridoxine) by Oospora* 


Growth of Oospora 


(Dry Wt of Vitamin Be 


Dialysis Cell 
J Produced 


NO. Cells) 
mg ug 
] 67.7 0.63 
2 39.3 0.39 
3 2.8 0.56 
1 Oo 0.54 
> 0 0.60 





Average 


* Three-compartment dialysis cells. 
(ATCC 9276) as test organism. 


Vitamin Bs Pro- 
duced per Mg (Dry 
Wt of Cells 


mug 
9.3 
9.9 
10.6 
10.1 
10.0 


10.0 


Neurospora sitophila 


IVOL, 5 


(using 5 replications). The variation of the individual 
determinations is approximately + 8 per cent of the 
average value. Tables 6 and 7 show that the production 
of nicotinic acid and folie acid by the same organism was 
40.0 mug and 0.26 mug, respectively, per mg of the 
dry weight of the cells. In nicotinic acid assay (6 rep- 
lieations), the variation is approximately + 10 per 
cent and in folie acid assay (5 replications) + 5 per 
cent of the average value. 

In all these experiments with E. coli, the time of 
incubation was 72 hr. The separate determinations 
showed that this organism can grow very rapidly in 
the basal media used in this study. The organism 
reached its maximum growth after approximately 10 
hr. When a nicotinic acid assay was made using an 
incubation time of 92 hr, practically the same nico- 
tinic acid production was observed as in the experi- 
ments with an incubation time of 72 hr. 

In table 8 it can be seen that the production of 
vitamin Bg (revealed as pyridoxine) by O. lactis was 10.0 
myug per mg of dry weight of the cells. This mean value 
was obtained using 5 replicates. The variation of the 
individual approximately + 
t per cent of the average value. An incubation time 


determinations was 
of 120 hr was used in this experiment. 


DIscUSSION 


The principal purpose of the work reported here was 
to develop a simple microbiological method for the 
quantitative estimation of vitamins and amino acids 
directly in growing microbial cultures. The dialysis 
cell technique described in this paper, which permits 
the determination of these compounds in the manner 
desired, is based on their known action as growth 
factors in associations of microorganisms. The use 
of dialysis cell systems affords the following advantages. 
Firstly, the performance of the determinations with 
the dialysis cell apparatus is easy and time-saving, 
because this method is designed to obviate the usual 
necessity of making separate microbiological or chemical 
determinations from the culture filtrates. Secondly, 
because the vitamin or amino acid investigated in the 
dialysis cell system passes through the dialysing mem- 
brane to the adjoining compartment containing the 
test organism, which utilizes this compound immedi- 
ately for growth, the possibility of the growth factor 
produced being to any extent inactivated remains 
very meager. In addition, the fact that the compound 
tested cannot accumulate in the culture fluids in the 
dialysis cell system (because this compound will be 
utilized by the test organism as rapidly as the other 
microorganism in the adjoining compartment is capable 
of producing it) may have a considerable influence on 
the amount of the growth factor produced. 

Figures 1 to 6 illustrate 5 modifications of the dialysis 
cell used for the determination of the vitamins and 
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amino acids produced by microorganisms. The dialysis 
cell to be used must be chosen according to the organ- 
ism employed. For example, with an organism which 
grows best on the surface of the medium, it would be 
preferable to use compartments of type ¢ or d (figures 
3 to 6). In these cases especially, shaking of the dialysis 
cells, and also the solutions of the standard series, may 
be necessary in order to attain rapid dialysis of the 
growth factors. The modifications shown in figures 1 to 
4 were designed for use with lactic acid bacteria as 
test organisms. Because these organisms are micro- 
aerophilic, they must be inoculated into compartments 
a, b, orf. When Neurospora mutants are to be used as 
assay organisms, it is preferable to choose one of the 
dialysis cells shown in figures 3 to 6. In this situation, 
the mold inoculum would be inoculated into com- 
partments ¢ or d. 

In determinations of the growth factors described in 
this paper, the variation of the average value using 
5 or 6 replications per growth factor tested was of the 
order found in microbiological assays, that is, from 5 
to 10 per cent. It is of special interest that the average 
recoveries of the 38 added vitamins and 1 amino acid 
from the different dialysis cell systems was 102.9 per 
cent. This suggests that the test organism can really 
take up the compound tested quantitatively from the 
adjoining compartment, through the dialysis mem- 
brane. 

In the course of developing the dialysis method, it 
was found to be necessary to take into special con- 
sideration the following precautions. In separate 
experiments it should be verified that no inhibitory 
growth effect exists in the dialysis cell system between 
the test organism and the organism whose growth 
factor production is to be investigated. If the growth of 
this organism and its growth factor production was 
especially vigorous, the dialysis cell system was con- 
structed with a view to allowing sufficient nutrient 


medium for the maximum growth of the test organism 


(at least at the level of the maximum growth value of 
the standard series). For example, in pyridoxine de- 
termination the compartment of the type a (figure 5) 
was used for Oospora. The small air area on the surface 
of the nutrient medium is the factor limiting the growth 
of this organism, and thus also indirectly the pro- 
duction of pyridoxine. In these growth conditions, 
the nutrient medium was sufficient for the assay organ- 
ism Neurospora. Further, it is preferable that the 
volume of the nutrient solution in the tubes of the 
standard series and in the compartment of the test 
organism should be the same. If it seems probable 
that the activity of the compound tested will decrease 
during autoclaving, the compound can be added asep- 
tically to the tubes of the standard series after auto- 
claving of the basal medium. In this case the sterili- 


zation of this compound can be accomplished by 
filtration. 

Finally, it should be pointed out that the determi- 
nation described here is to be regarded as mainly illus- 
trative. Using as examples the determinations of 
phenylalanine, folic acid, nicotinic acid and vitamin 
Be, an attempt has been made to give a picture of the 
general procedure of the dialysis technique. Thus, the 
estimation of other vitamins and amino acids and the 
use of other microorganisms require other basal media 
and modifications of the growth conditions described 
in this paper. 
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SUMMARY 


A rapid microbiological procedure is described for 
the determination of vitamins and amino acids pro- 
duced by microorganisms. Primarily, this method was 
developed for the investigation of biochemical factors 
of importance in microbial associations. Using a 
dialysis cell system especially constructed for this 
purpose, it was possible to make analyses directly in 
the growing cultures. Various types of dialysis cell 
apparatus are described. Recovery experiments were 
carried out with phenylalanine, folic acid, nicotinic 
acid, and vitamin Bs. The production of these growth 
factors with Escherichia coli and Oospora lactis by 
means of this method was also studied. 
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Disposal of diluted organic wastes poses a problem 
of vital importance to the many industries that use 
agricultural products. Food processors and dairies, 
as well as producers of fermentation products, anti- 
biotics and other substances, acknowledge the necessity 
of waste disposal. Too often, the industrial micro- 
biologist himself is unaware of the problems involved in 
waste treatment and follows the adage ‘out of sight, 
out of mind.” 

The concentration of industry has produced wastes 
of such strength and quantity that the waste load 
dumped into a receiving body of water is often too 
great for the size of a specific process. lor example, a 
small dairy may discharge solids in its waste waters 
daily that would require 120 pounds of oxygen for its 
stabilization measured as biochemical oxygen demand. 
Since the solubility of oxygen in water is about 8 parts 
per million, only 8 pounds of oxygen is present in a 
million pounds of water. Thus the waste would re- 
quire the oxygen in 15 million pounds (or 1.8 million 
gallons) of water, the amount found in a pond 8 feet 
deep, 300 feet wide and 100 feet long. Once the oxygen is 
depleted, anaerobic conditions conducive to the pro- 
duction of disagreeable odors set in, and water life 
associated with clean waters can no longer exist. 

Many industries, much larger than the hypothetical 
dairy, have this problem increased multifold and must 
take means to avoid the degradation of the receiving 
waters. Indeed, the demands of our progressing civi- 
that 
streams must be reasonably clean. 


lization are such waste waters discharged to 

femoval of organic solubles from an aqueous waste 
is a microbiological process conducted by a hetero- 
geneous population of microorganisms found in the 
sludge. Quantitative and qualitative comparisons show 


changes in dominant species during aerobic treatment 
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of dairy waste (Jasewiez and Porges, 1956). Active 
sludge oxidizes about half the available organic material 
while converting the remainder into cell material 
(Hoover and Porges, 1949). Oxygen requirements are 
high soluble 
material is rapidly removed and converted to a storage 
product. that 
The rate of oxygen utilization during assimilation and 


during such synthesis. Considerable 


is readily used (Porges et al., 1955), 


synthesis is about 10 to 20 times the oxygen required 


during endogenous respiration. Equations showing 
these conversions and = possible application of labo- 
ratory data are given in reports (Porges ef al., 1953; 
Porges, 1956). 

Wastes may undergo a treatment in which aerobic 


Highly 


concentrated wastes may be submitted to an anaerobic 


activities of microorganisms predominate. 
digestion. Yet again, the treatment may take advantage 
of both types of microbial activity. The primary purpose 
of these treatments is the production of clean water. 
Soluble substances are converted by microorganisms to 
volatile gases and removable cell solids. The sanitary 
engineer designs processes to take maximum advantage 
of the activity of microorganisms. In papers II, III, 
and IV of this review, the authors present discussions 
of the biochemistry and mechanics in the biological 
treatment of organic wastes. 
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Vassachusetts Institute of Technology, Cambridge, Massachusetts 


teceived for publication November 27, 1956 


The aerobic biological treatment systems are ex- 
tensively used for the stabilization of dilute organic 
wastes. Activated sludge, trickling filters, and oxidation 
ponds are the major basic types of aerobic systems. 
Each of these systems operates on the same fundamen- 
tal biochemical principles and differs one from = an- 
other primarily by the method of oxygen transfer. 
Activated sludge utilizes compressed air for its oxygen 
source and for mixing. The microorganisms in trickling 
filters are attached to stones and obtain their oxygen by 
diffusion from the air, Oxidation ponds represent the 
combined efforts of algae and bacteria with the algae 
producing part of the oxygen for the bacteria and the 
bacteria producing the carbon dioxide desired by the 


algae, 


NIC ROORGANISMS 


The microorganisms which inhabit the aerobic bio- 
logical treatment systems include bacteria, fungi, algae, 
protozoa, rotifers, and other higher animals. The growth 
of any or all types of microorganisms in a given in- 
dustrial waste disposal system will depend upon the 
chemical characteristics of the industrial waste, the 
limitations of the 
and the 


environmental particular waste 


system biochemical characteristics of the 
microorganisms. All of the microorganisms which grow 
ina given industrial waste disposal system contribute 
to its over-all characteristics, both good and bad. It is 
important to recognize the contributions made by each 
type of organism to the over-all stabilization of the 
organic wastes if the waste treatment system is to be 
properly designed and operated for maximum efficiency. 

Bacteria. The bacteria are the basic biological units 
in aerobic waste treatment systems. The diverse bio- 
chemical nature of bacteria makes it possible for them 
to metabolize most, if not all, organic compounds found 
in industrial wastes. Obligate aerobes and facultative 
found in all aerobic waste 


bacteria are treatment 


systems. Growth of any particular species is dependent 
Presented at the 13th General Meeting of the Society for 
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upon its competitive ability to obtain a share of the 
available organic material in the system. 

Bacterial predomination will normally divide itself 
into two major groups, (1) the bacteria utilizing the 
organic Compounds in the waste and (2) the bacteria 
utilizing the lysed products of the first group of bacteria 
(Gaudy, 1954). The bacteria utilizing the organic com- 
pounds in the waste are the most important group and 
will determine the characteristics of the treatment 
system. The species with the fastest growing rate and 
the ability to utilize the majority of the organic matter 
will predominate. The extent of secondary predomina- 
tion will depend upon the length of starvation. Deple- 
tion of the organic substrate is followed by death and 
lysis of the predominate bacteria. Release of the cellular 
components of the bacteria permits other bacteria to 
grow up. Since all biological treatment systems are 
normally overdesigned as a safety factor, secondary 
predomination will occur. 

Aside from the characteristics of the 
bacteria, the most important characteristic is their 


metabolic 


ability to flocculate. All of the aerobic biological waste 
treatment systems depend upon the flocculation of the 
microorganisms and their separation from the liquid 
phase for complete stabilization. It was first thought 
that flocculation was caused by a single bacterial species, 
Zoogloea ramigeria (Butterfield, 1935; Heukelekian and 
Littman, 1939; Wattie, 1942), but recent studies 
(McKinney and Horwood, 1952; McKinney and Weich- 
lein, 1953) have shown that there are many different 
bacteria which have the ability to flocculate. It has been 
postulated (McKinney, 1955) that all bacteria have the 
ability to flocculate under certain environmental condi- 
tions. The prime factors affecting flocculation are the 
surface charges of the bacteria and their energy level. 
The electrical surface charge on bacteria grown in 
dilute organic waste systems has been shown to be 
below the critical charge for autoagglutination, 0.020 
volts (McKinney, 1953). This means that Brownian 
movement provides sufficient energy to overcome the 
repelling electrical forces when two bacteria approach 
‘ach other and to permit the Van der Waal forces of 
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attraction to predominate and hold the two bacteria 
together. Autoagglutination does not take place if the 
energy level of the system is sufficiently high to permit 
the bacteria to multiply and to be rapidly motile. 
Autoagglutination, or flocculation, occurs only after the 
bacteria lack the energy of motility to overcome the 
Van der Waal forces. Once floe has started to form, some 
of the bacteria die and lyse. An insoluble fraction of the 
bacterial cell is left which is primarily polysaccharide. 
The older the floc becomes, the more polysaccharide 
builds up and the less active bacteria are entrained in it. 

Fung?. Fungi play an important role in the stabiliza- 
tion of organic wastes. Like the bacteria, the fungi can 
metabolize almost every type of organic compound 
found in industrial wastes. The fungi have the potential 
ability to predominate over the bacteria but they do 
not except under unusual environmental conditions. 
The filamentous nature of most of the fungi found in 
industrial wastes makes them undesirable since they do 
not form a tight compact floc and settle easily. For this 
latter reason, considerable efforts are expended to make 
the environmental conditions more favorable for bac- 
teria predomination than for filamentous fungi pre- 
domination, 

The filamentous fungi predominate over the bacteria 
at low oxygen tensions, at low pH, and at low nitrogen. 
Low oxygen tension results from a low oxygen supply or 
from a high organic load causing the demand to exceed 
the supply. Under reduced oxygen levels, metabolism 
does not proceed to carbon dioxide and water but stops 
with the formation of organic alcohols, aldehydes, and 
acids. If the system lacks suflicient buffer, the organic 
acids depress the pil to the more favorable range for 
fungi. Thus, it can be seen that low oxygen tension and 
pH can be interrelated. Many of the fungi grow well at 
plHl 4 to 5 while few bacteria are able to grow well 
enough to compete. Fungi require less nitrogen than 
bacteria per unit mass of protoplasm. In nitrogen 
deficient wastes, the fungi are able to synthesize more 
active masses of protoplasm from the wastes than are 
the bacteria and predominate. Bacteria average approx- 
imately 10 to 12 per cent nitrogen (Porter, 1946) while 
fungi range from 5 to 6 per cent nitrogen. 

Under normal environmental conditions fungi will be 
present and will aid in the stabilization of the organic 
matter. But the fungi are of secondary importance and 
will not predominate. 

Algae. The algae are the third form of biological 
plants which play a part in the over-all stabilization of 
organic wastes. Since the algae obtain their energy for 
synthesis from sunlight, they do not have to metabolize 
the organic compounds like the bacteria and the fungi. 
To form protoplasm the algae primarily utilize the 
inorganic components of the wastes, for example, am- 
monia, carbon dioxide, phosphate, magnesium, potas- 
sium, iron, calcium, sulfate, sodium and other ions. It 
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is possible to have algae and the bacteria predominate 
together since they do not utilize the same waste com- 
ponents. The bacteria metabolize the organie com- 
ponents of the waste and release some of the inorganic 
components utilized by the algae. During protoplasm 
synthesis the algae release oxygen which is taken by the 
bacteria to bring about complete aerobic stabilization 
of the organic matter. 

In the absence of sunlight the algae must obtain the 
energy required to stay alive from the metabolism of 
organic matter in the same manner as bacteria and 
fungi. This organic matter normally comes from stored 
food within the cell but in some algal species it can come 
from the organic material in the wastes. 

Protozoa. The protozoa are the simplest animals 
found in waste disposal systems. The role that the 
protozoa play in stabilizing organic wastes has only 
recently been clarified by combining a study of pure 
culture protozoa (A, Gram, 1953, unpublished obserya- 
tions) with the natural observations in various biologi- 
cal treatment systems. This study showed that rather 
than being the primary mechanism of purification 
(Pillai, 1941; Pillai and Subrohmanyan, 1942, 1948, 
1044; Pillai ef al., 1947) the protozoa were responsible 
for reducing the number of free-swimming bacteria, 
thus aiding in producing a clarified effluent. 

The succession of protozoa had long been observed 
in biological waste disposal systems (Buswell and Long, 
1923; Agersborg and Hatfield, 1929; Barritt, 1940) 
but no explanation of the reasons for this succession 
were put forth. The succession of protozoa is affected by 
the same factors which affect the predomination of any 
biological species. The type of food and the competition 
for food are the major factors which determine the 
predomination of the protozoa. The Sarcodina are only 
briefly found in aerobic waste treatment systems since 
they do not find sufficient food to compete with the bae- 
teria and other biological forms. The Phyto-Jastigoph- 
orasurvive a little longer than the Sarcodina as they take 
in soluble organics for their food but they are unable to 
compete against the bacteria and are soon displaced. 
The Zoo-Mastigophora predominate over the Phiylo- 
Mastigophora in that they are able to utilize the bacteria 
for food rather than compete with the bacteria for food. 
But the Zoo-Mastigophora give way to the free-swim- 
ming Ciliata which have a better mechanism for ob- 
taining the bacteria and other food components. As the 
system becomes more stable, there are less and _ less 
free-swimming Ciliata. The low-energy-requiring stalked 
Ciliata displace the high-energy-requiring free-swim- 
ming Ciliata. But soon the system becomes so stable 
that the stalked Ciliata cannot obtain enough energy 
and die out of the system. 

The succession of protozoa offers a good index of 
stability of the biological waste treatment system. 


Efforts have been made to relate the numbers of pro- 
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tozoa to the degree of stabilization (Lackey, 1949; 
Jenkins, 1942) but they have not been successful since 
the same numerical population exists at two separate 
and distinct levels of purification. Low numbers of free- 
wimming Crliata occur at both a low degree of purifica- 
tion, 20 to 40 per cent, and at high purification, 75 to 95 
per cent. The relative types of protozoa and relative 
numbers can be used for any particular system to esti- 
mate the rough efficiency, + 10 per cent, of any bio- 
logical treatment system. 

The protozoa have more complex metabolic systems 
than do bacteria or fungi which makes the protozoa 
more sensitive to toxic organic compounds. In systems 
containing toxic organic Compounds, regular observa- 
tions of the protozoa can be used as an indicator of the 
toxic concentration and to warn of potential toxicity to 
the bacteria which are responsible for stabilization of 
the wastes. The protozoa can also be used to indicate 
deficiencies of certain essential elements such as nitrogen 
or phosphorus. Nutrient deficiencies will reduce both 
number of species and number of any particular species. 

Rotifers and higher animals, Rotifers, as well as higher 
animals, occur in aerobic biological waste disposal 
systems. Because of their complex metabolic systems 
the higher animals occur only in’ highly stabilized 
systems where an excess of oxygen occurs at all times. 
The rotifers can be used as indicators of a very high 
degree of purification, 95 to 100 per cent. They can 
metabolize solid floc particles which the protozoa cannot 
metabolize and predominate after all of the protozoa 
have died off for lack of food. 

Daphnia and other crustaceans grow well in stabilized 
aerobic systems, utilizing bacteria, fungi, and algae as 
their major source of food. Nematodes are also found 


under certain conditions in high solids concentrations. 


BIOCHEMISTRY 


The basic biochemical reaction in aerobic biological 
waste disposal systems is the same for all microor- 


ganisms. 


Food + Microorganisms + Oxygen — Increased 
Microorganisms + Carbon dioxide + Water 


+ Waste products (+ Energy) 


This reaction can be divided into two components: 
synthesis and endogenous respiration. The synthesis 
reaction determines the maximum quantity of micro- 
organisms produced and the minimum quantity of 
oxygen required per unit mass of organic waste stabi- 
lized. The endogenous reaction determines the break- 
down of protoplasm to yield energy for the micro- 
Organisms to remain alive. The synthesis reaction can 
be established by a complete chemical balance of the 
basic biochemical reaction when the microorganisms 
are growing unrestricted in an excess of organic sub- 
strate. The endogenous respiration reaction can be 


established after the organic substrate has been ex- 
hausted. 

The stabilization of organic matter by micro- 
organisms follows a definite pattern of growth which can 
be divided into three sections: log growth, declining 
growth, and endogenous metabolism. Log growth is the 
unrestricted growth which occurs in the presence of 
unlimited food. Declining growth results when food 
becomes limiting and the rate of growth becomes 
proportional to the amount of food remaining. As 
synthesis begins to fall off, endogenous respiration 
becomes significant and increases until a maximum is 
reached when synthesis ceases. The rate of endogenous 
metabolism is directly proportional to the mass of 
active protoplasm. 

As indicated by the basic biochemical reaction, the 
growth of the microorganisms produces definite changes 
in the removal of food from the system and in the 
oxygen utilized. Figure | shows the general relationships 
existing between mass of microorganisms, substrate and 
oxygen. This diagram is the key to understanding the 
design and operation of the aerobic biological treatment 
systems. 

Considerable effort has been made by the sanitary 
engineer to operate in the log growth phase since the 
maximum conversion of organic matter in the wastes to 
protoplasm and the minimum quantity of oxygen per 
unit of protoplasm formed occurs in this phase. While 
this sounds good from a theoretical standpoint, it does 
not work out as well from a practical standpoint. Bac- 
teria will not flocculate and settle as long as they are 
growing at a log rate which means that the micro- 
organisms will be completely dispersed and will go out 
in the effluent to the receiving body of water. A maxi- 
mum of 50 per cent of the organic matter will be 
stabilized before the bacteria pass from the log growth 
phase into the declining growth phase. The remainder 
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of the load will be passed on to the receiving water. 
Lastly, the rate of oxygen uptake is a maximum at the 
change between log growth and declining growth. If 
aerobic conditions are to be maintained, it will be 
imperative to have equipment capable of transferring 
the oxygen demanded. At this time, the rate of oxygen 
transfer obtainable from current equipment is the 
limiting factor in the design and operation of bio- 
logical treatment systems. 

Most biological treatment systems operate between 
the declining growth and endogenous phase with a 
definite flowing-through period which simulates the 
time axis of figure 1. The high degree of purification 
obtained by the aerobic biological treatment systems, 
85 to 99 per cent, is brought about by growth in the 
endogenous phase. Endogenous metabolism has the 
advantage of complete oxidation without increased 
synthesis, a low organic level remaining in the wastes 
and excellent flocculating characteristics. But it has 
its disadvantages also. Oxygen must be supplied for the 
entire oxidation of the organic matter since none is 
converted to synthesis. The rate of oxygen uptake is 
very low so that a long aeration period must be used 
to stabilize the organic matter. 

Industrial wastes often contain unusual organic 
compounds not readily found in large concentrations 
in nature. Many of these compounds are toxic to micro- 
organisms in very low concentrations. It is possible to 
treat wastes containing toxic organic compounds by 
slowly adapting the bacteria to the toxic compound. 
This is usually done by growing a large quantity of 
microorganisms on nontoxic organic compounds and 
then slowly removing the nontoxic compound and sub- 
stituting the toxic compound. The acclimated system 
can stabilize the new organic material as rapidly as it 
could the nontoxic compounds. Cyanogenic, phenolic, 
formaldehyde, acrolein and many other toxic wastes 
which were once thought to be biologically untreatable 
are now being stabilized in biological systems. Bio- 
logical stabilization is not a factor of a particular chemi- 
cal compound but rather a factor of the chemical 
structure of the compound (McKinney, 1956). Attack 
on the molecule is directed at certain chemical groups. 
The carboxy group is most readily attacked, followed 
by the aldehydic carbonyl, the hydroxyl, the keto 
carbonyl and the methyl groups. Amino groups are 
attacked as readily as hydroxyl groups. Sulfonate 
groups tend to act as carboxyl groups but block the 
carboxyl enzyme reaction and prevent metabolism. 
Continual growth in sulfonic acid groups permits the 
bacteria to adapt to them and to metabolize the 
sulfonated molecule completely (McKinney et al., 
1955). Very little is known of the effect of other sub- 
stituted groups except that adaptive metabolism is 
required. 

One of the major problems in the aerobic stabilization 
of organic wastes is that of pH. The metabolic pathway 
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for the stabilization of organic matter is through the 
acid form. Unless the system has sufficient buffer to 
neutralize the acid that is formed, the pH will quickly 
drop below the level for optimum efficiency. Bacterial 
systems prefer a pH between 6.5 and 9.5. The buffer 
problem is most critical with metabolism of neutral 
compounds such as sugars, alcohols, aldehydes, and 
ketones. Organic acids are usually neutralized at the 
start and form their own buffer with metabolism. Con- 
tinued operation below pH. 6.5 will usually cause fungi 
to predominate in the biological treatment system, 
While the fungi will stabilize the organic matter as 
readily as bacteria, the fungi do not have the same 
flocculating characteristics as the bacteria. The fungi 
tend to filamentous forms which do not compact to a 
readily settleable mass. But there are some waste 
systems which will cause the nonfilamentous fungi to 
predominate and which will have excellent settling 
characteristics. Above pH 9.5 the hydroxide ion con- 
centration begins to have a toxic effect on the bacteria. 
It is standard procedure to neutralize high pH wastes 
down to pH 9.5 with acid before treating biologically, 
The carbon dioxide produced by the microorganisms 
while stabilizing the organic wastes can be used to 
neutralize the hydroxide alkalinity rather than acids, 
provided the pH of the mixed wastes and micro- 
organisms does not exceed 9.5 for too long a period. 

The synthesis of bacterial protoplasm requires 
carbon, hydrogen, oxygen, nitrogen, phosphate, sulfate, 
potassium, sodium, magnesium, calcium, iron, and 
molybdenum. The wastes must supply these items if 
maximum efficiency is to be obtained. The carbon and 
hydrogen are supplied by the organic wastes. Oxygen is 
supplied from water or from air as dissolved oxygen. 
Nitrogen can come from the organic waste or from 
inorganic forms such as ammonia, nitrite, and nitrate. 
It is even possible to use nitrogen gas from the air by 
nitrogen fixation to supplysthe necessary nitrogen for 
protoplasm (McKinney et al., 1955). Phosphate usually 
comes from the wastes. The present use of synthetic 
detergents results in large quantities of phosphate 
entering the wastes from cleaning processes alone. The 
carriage water for many of the industrial wastes is tap 
water in the area. In hard water areas there are more 
than enough of the trace elements. In soft water areas, 
or in waste streams with demineralized water, the 
absence of sufficient sulfate or trace metal could very 
definitely limit the process and must be considered as a 
vital part of the design. 

Oxygen is supplied to aerobic biological treatment 
systems primarily from the air. Activated sludge uses 
diffused air at low pressure, 6 to 8 psi, while trickling 
filters and oxidation ponds depend on air diffusion. The 
rate of stabilization is limited by the rate of oxygel 
transfer. Standard diffused air equipment in activated 


sludge systems can transfer 30 to 50 mg oxygen per 
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Lof waste per hr. Special equipment is available for 
transfer rates as high as 100 to 300 mg per L per hr. The 
higher rates of oxygen transfer are obtained as a result 
of combining compressed aeration with high-speed 
mixing. The high-speed mixing tends to tear the floc 
apart and prevents complete flocculation and clarifica- 
tion of the effluent. The operating costs also go up quite 
markedly with high-speed mixing. 

If the oxygen demand is greater than the oxygen 
supplied to the system, the bacteria turn to chemical 
sources of oxygen as the hydrogen acceptors. Nitrites 
and nitrates are the most readily utilized hydrogen 
acceptors. Nitrites and nitrates are reduced to gaseous 
nitrogen rather than to ammonia. The most common 
occurrence of denitrification is in the settling compart- 
ment of activated sludge systems where the nitrogen 
gas released catches under the floc and causes it to rise 
to the surface of the settling tank. Release of the gas at 
the surface causes the floc to break up and to be par- 
tially lost in the effluent. Sulfates become the hydrogen 
acceptor after nitrates. The reduction of sulfates results 
inthe production of hydrogen sulfide. Although the only 
group of sulfate reducing bacteria are the obligate 
anaerobes, Desulfovibrio, the rapid hydrogen sulfide 
production in high sulfate systems with the subsequent 
sulfate reduction points to the existence of a large 
number of Desulfovibrio in the aerobic system or to 
other sulfate reducing bacteria. Since organic matter is 
the hydrogen donor for the Desulfovibro, they could be 
present in large quantities and could contribute to the 
over-all stabilization of the organic wastes. 

Temperature plays a very important role in biological 
stabilization. The rate of biochemical reactions increases 
rapidly as the temperature increases, doubling with 
every 10 C increase. Trickling filters act as cooling 
towers to a certain extent and rapidly lose the heat 
content of the wastes and that produced by biological 
metabolism to the surrounding air. This makes trickling 
filters less desirable in colder climes since the filters 
must be enclosed to prevent freezing and the metabolic 
efficiency is considerably reduced. Activated sludge with 
compressed aeration loses some of its heat but retains a 
good portion of it. This is important in the winter when 
the heat content of the wastes is used to hold the 
activity of the microorganisms high. The maximum 
sustained temperature of the aerobic biological systems 
should be limited to 40 C. It is possible to operate at 
o)9 C with the thermophilic aerobes but heat losses are 
so high that it is hard to maintain the true thermophilic 
range and efficiency. 


BIOLOGICAL TREATMENT SYSTEMS 


The three major aerobic biological treatment systems 
are oxidation ponds, trickling filters, and activated 
sludge. All three systems have definite places in the 
field of biological stabilization of industrial wastes. No 
one system can be singled out as the best system for 


industrial wastes. Failure to consider all of the factors 
in a particular waste problem is poor engineering. 
The final selection of a particular treatment system 
can be made only after careful consideration of all fac- 
tors. 

Oxidation ponds, Oxidation ponds are the simplest 
aerobic treatment systems to construct since they are 
normally made by making a 2- to 3-foot depression in 
the ground with a bulldozer, setting the influent and the 
effluent lines and starting the wastes. The bacteria bring 
about stabilization of the wastes and derive their oxygen 
from surface reaeration caused by wind over the large 
surface area. As an excess of nitrogen and phosphorus 
becomes available, algae take up these elements along 
with carbon dioxide released by the bacteria to produce 
new cells. The production of new algae releases oxygen 
from the carbon dioxide back into solution for the 
aerobic bacteria to utilize. The single chamber oxidation 
pond utilized in this country is normally loaded at a 
maximum of 65 pounds of BOD per acre per day. It 
produces an effluent having 10 to 25 ppm BOD. The 
effluent also contains a large quantity of algae and 
bacteria as these are not removed in the large single 
pond. The factors affecting the design and operation of 
the single tank oxidation ponds have been set forth by 
others (Oswald and Gotaas, 1955) and will not be 
covered here for lack of space. 

A Swedish oxidation pond system for sewage (Wenn- 
strom, 1955) has set the pattern for the future design of 
oxidation ponds. This system has four ponds in series 
with a definite cross-flow pattern. The influent devices 
spread the wastes over one side of the almost square 
ponds and collect uniformly over the opposite side. The 
flow through each pond is recirculated through that 
pond 6 to 7 times before being discharged to the next 
pond. The final pond is equal in size to the first three 
ponds and is used to cultivate crustaceans which 
utilize the algae for food. In the summer months the 
effluent from the system is free of algae and high in 
crustaceans. The crustaceans are a good fish food and 
aid in making the receiving body of water a good 
fishing stream. The over-all pond loading is 90 pounds 
BOD per acre per day, almost 50 per cent higher than 
conventional ponds in this country. 

In areas where the terrain is relatively flat and land 
is inexpensive and easily available, oxidation ponds will 
be more economical than any other type of biological 
treatment. The operating expenses for oxidation ponds 
are very low with the recirculation pumps being the 
only mechanical item. Care must be taken so that the 
organic load is not so high that the demand for oxygen 
exceeds that available through surface reaeration. Algae 
will supply oxygen in proportion to the protoplasm 
produced during sunlight hours but will have an oxygen 
demand at night. Since the production of new algae has 
not stabilized the organic matter but has actually 
resulted in the creation of organic matter from inorganic 
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end products, stabilization of the waste has not been 
completed. Failure to keep the system aerobic will 
result in odors and nuisance complaints. The maximum 
organic load on the oxidation ponds will be limited by 
the rate of surface reaeration and will form the basis of 
design. 

Trickling filters. Trickling filters obtain their oxygen 
by diffusion from the air as the liquid wastes splash 
and flow through a layer of stones, 6 to 10 feet deep. 
The aerobic microorganisms stabilize the organic matter 
with the production of new cells, which cling to the 
surface of the stones. As the system operates, additional 
growth builds up on the stones, thereby cutting down on 
the void space. The hydraulic velocity of flow increases 
until the hydraulic velocity is great enough to shear the 
growth from the surface of the stones and to wash it out 
of the filter into the sedimentation unit. 

As the depth of growth on the stone increases, the 
diffusion of nutrients and oxygen into the lower reaches 
next to the stone surface becomes limited. The micro- 
organisms at the stone surface undergo endogenous 
metabolism for the lack of nutrients and anaerobic 
metabolism for the lack of oxygen. Anaerobic degrada- 
tion of the cellular components produces organic acids 
as end products. The organic acids diffuse back through 
the laver of microorganisms and actually increase the 
organic loading at the surface. The efficiency of sta- 
bilization is reduced in proportion to the extent of 
anaerobic degradation taking place in the filter. As a 
result, the efficiency of stabilization undergoes a cyclic 
variation rather than producing a constant efficiency. 
The anaerobic degradation of the microorganisms at the 
stone surface reduces the holding surface and aids in 
shearing the growth from the stone. 

High rate trickling filters are used almost exclusively 
in industrial waste treatment systems today. These 
filters are loaded at hydraulic loadings of 20 to 40 
million gallons per acre per day and at organic loadings 
up to 90 pounds BOD per 1000 cu ft filter volume. The 
efficiency of stabilization is approximately 85 per cent. 
With strong wastes the hydraulic loading is maintained 
by a high rate of recirculation of effluent. The major 
problem with very strong soluble wastes is rapid con- 
version of the organic matter into protoplasm and the 
clogging of the void space with growth. Ponding of the 
filter results and anaerobic conditions set in on the 
entire filter. 

Sedimentation is an integral part of trickling filters. 
All of the organic matter removed by a filter is not 
oxidized. A part of the organic matter removed from the 
liquid phase is adsorbed to the filter slimes and is still 
attached to those slimes when they are washed into the 
sedimentation tank. The slimes are removed from the 
sedimentation tank and stabilized by anaerobic diges- 
tion. Approximately 20 per cent of the stabilization of 
the waste is brought about through sedimentation of the 
filter slimes. Because of their adsorptive characteristics 
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the trickling filters are best suited for colloidal wastes 
rather than soluble wastes. The contact time through 
the filter is so short that soluble wastes can be removed 
only by several passes through the filter. 

As in the case of oxidation ponds, the rate of oxygen 
transfer puts an upper limit on the quantity of organic 
matter which can be stabilized by trickling filters, 
Efforts have been made to increase the oxygen transfer 
by blowing air up through the filter. Physical chemical 
relationships show the fallacy of this idea. The concen- 
tration of oxygen in the air surrounding the filter stones 
is very high compared to the oxygen in solution. The 
transfer of oxygen from the air into the liquid is de- 
pendent upon the partial pressure of oxygen in the air 
and the oxygen deficit in the liquid. Increased oxygen 
transfer can be brought about by increasing the partial 
pressure of oxygen. Blowing air through the filter will 
not increase the partial pressure of oxygen and will not 
increase the oxygen transfer. The natural flow of air ina 
filter will keep the partial pressure of oxygen in the 
air in the filter at normal atmospheric conditions. Thus, 
it appears that the limit of operation of trickling filters 
is being reached. 

Activated sludge. Activated sludge is rapidly becoming 
the most popular method for stabilizing liquid organic 
industrial wastes. The basic process depends upon 
diffused air at 6 to 8 psi to supply oxygen to the micro- 
organisms and to supply the necessary force to keep the 
microorganisms, waste, and oxygen well mixed at all 
times. The microorganisms after stabilizing the organic 
wastes flocculate and settle, leaving a clear supernatant 
containing 10 to 15 ppm BOD. The settled micro- 
organisms are partially returned to the head end of the 
aeration tank as seed to maintain a high microorganism 
population in the aeration tank and the remainder are 
wasted to anaerobic digestion for further stabilization. 

The primary problems with activated sludge systems 
have been their inability to absorb shock organic ot 
toxic loads, their complex operation with higher operat- 
ing costs than trickling filters, the limit of oxygen 
transfer, and the low efficiency of oxygen utilization. 
Normal design of activated sludge systems are long, 
narrow aeration tanks in which the wastes and returned 
sludge are introduced at one end and flow toward the 
far end with a definite retention period. The diffused ait 
is introduced along one side of the tank to produce 4 
spiral flow pattern and to insure good mixing. A sudden 
shock organic load produces an immediate increase il 
growth response by increasing the food: microorganisi 
ratio over that for normal operation. The period of flow 





through the tank is not sufficient for the microorganism 
to come back to stability and enter the sedimentatiol 
tank only partially stabilized. Poor flocculation and 
sedimentation occur with a loss of the solids out. the} 
effluent and reduced seed for return. Toxic material: 
are mixed with the entire mass of the microorganism 
and produce an immediate killing of all microorgat- 
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isms. On a trickling filter only the surface layer of micro- 
organisms in contact with the wastes are killed. The 
remaining microorganisms are able to respond to the 
organic waste after the toxic shock has passed in the 
filter but an entirely new sludge mass must be produced 
in activated sludge. 

Activated sludge with its compressed air system, its 
balance of return sludge, its variation in sludge syn- 
thesis, and its reaction to variations in flow is at best a 
complex system requiring considerable mechanical and 
biochemical knowledge and skill. Only those industries 
which will employ a skilled operator should venture into 
activated sludge. The large number of mechanical 
operations makes activated sludge more expensive to 
operate than trickling filter by a factor of three. 

Oxygen transfer again limits the total stabilization of 
organic material. Normal diffused air equipment limits 
the rate of oxygen transfer in the field to between 30 
and 50 mg per L per hr. But the high demand for oxygen 
occurs only at the head end of the aeration tank where 
the starved microorganisms are mixed with the food. As 
the sludge progresses through the tank the demand for 
oxygen decreases until more is supplied than is needed. 
Poor efficiency of oxygen utilization results. 

Many modifications of activated sludge systems have 
been used to overcome the problems of oxygen transfer 
and utilization. For the most part, these systems fall 
into two classes, the complete treatment and the partial 
treatment activated sludge 
systems, step aeration, Kraus process, and tapered 
aeration are loaded at 20 to 50 lb of BOD per 1000 cu ft 
aeration volume and give 90 to 95 per cent efficiency. 


systems. Conventional 


The partial treatment systems consist of high rate 
activated sludge and dispersed aeration. High rate 
activated sludge is loaded at 90 pounds BOD per 1000 
cu ft aeration volume and gives 65 to 75 per cent 
efficiency. Dispersed aeration is loaded at several hun- 
dred pounds BOD per 1000 cu ft aeration tank volume 
but gives only 30 to 50 per cent stabilization. Activated 
sludge systems are best suited for completely soluble 
organic wastes but can be used for colloidal wastes. The 
activated sludge produced in the aeration system has 
excellent adsorptive characteristics. New York City 
takes advantage of these adsorptive characteristics to 
stabilize sewage which contains a high percentage of 
colloidal solids (Chasick, 1954). Biosorption is another 
modification of activated sludge which depends upon 
the adsorption of colloidal organics for its operation. It 
produces an excellent effluent in completely colloidal 
wastes but falls short in soluble wastes since the contact 
period between wastes and sludge is only 30 minutes. 
FuTURE DESIGNS 

The future design of biological waste treatment 

systems will depend upon utilization of the fundamental 


biochemistry of the microorganisms which make up the 
system and its translation into practical design systems, 
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The basic considerations for the most efficient econom- 
ical biological treatment system for industrial wastes 
are as follows: 

1. Uniform waste feeding. 

2. Proper pH adjustment. 

3. Proper nutrient adjustment. 

4. Uniform air utilization. 

5. Instantaneous waste mixing. 

6. Uniform organic level in the aeration system. 

7. A minimum of mechanic equipment. 

8. Simplicity of operation. 

9. Ability to absorb shock organic and hydraulic 

loads. 
Needless to say, it is impossible to design a system that 
completely solves all these problems. One effort to 
eliminate these problems and to design a new type of 
biological treatment system is given here. 

The basic unit is the conventional activated sludge 
aeration tank. The tank is modified by running a longi- 
tudinal wooden baffle along the length of the tank to 
divide it into an aeration section and a sedimentation 
section. Diffused air is supplied along the aeration side 
of the tank wall and the wastes are fed uniformly along 
the long wall. The flow goes across the tank instead of 
down the tank. This permits instantaneous mixing of the 
wastes with the aeration section contents, uniform air 
demand throughout the entire aeration tank and a 
uniform organic content in the aeration section. The 
sludge leaves the aeration tank by flowing under the 
baffle and up into the sedimentation section. The mass 
of the sludge prevents its rise to the surface and only 
the clear effluent is drawn off. The sludge mass increases 
until its weight forces it back into the aeration section 
where the mixing forces disperse it with the aeration 
tank contents. In this way the sludge is returned to the 
aeration section without the benefit of mechanical 
equipment. The system can be operated in the endoge- 
nous phase with the organic matter being completely 
oxidized, or in the declining growth phase with some 
sludge being wasted. The choice of operation is prima- 
rily one of economics. Operation with sludge wasting 
requires anaerobic digestion for stabilization of the 
excess sludge but is more economical for large plants 
than complete aerobic oxidation. 

If the system is operated with endogenous metab- 
olism, the nutrients added to the system must match the 
small quantity lost in the effluent. This is especially 
valuable with nutritionally deficient wastes as only a 
small quantity will be lost and required to be made up 
to hold the solids at equilibrium. If synthesis is used and 
excess sludge produced, the nutrients must make up for 
those used in synthesis. The exact quantity of nutrients 
‘an be calculated from the structure of protoplasm. 
Since the systems are to be operated at endogenous 
phase or just adjacent to it in the final phase of the 
declining growth phase, the rate of oxygen utilized per 
unit mass of protoplasm is very small, 1 to 2 mg per L 
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per hr per 1000 ppm suspended solids. To give maxi- 
mum stabilization 20,000 to 30,000 ppm suspended 
solids must be carried in the unit. The upper limit 
will be determined by the physical characteristics of 
the floc and by the quantity of oxygen transferred. It 
appears that this system will be limited more by the 
quantity of solids carried than by oxygen transfer. 

The heavy sludge mass carried in the system will tend 
to buffer the wastes somewhat. The strong acid wastes 
will have to be partially neutralized before entering the 
unit but strongly alkaline wastes will not have to be 
preneutralized if there is sufficient organic matter in the 
wastes. The complete mixing of the wastes distributes 
the hydroxide alkalinity uniformly over the entire 
aeration tank instantly where the carbon dioxide being 
uniformly produced can neutralize it. The rate of carbon 
dioxide produced actually limits how high the pH of 
the raw wastes can be. A recent pilot plant investigation 
with this system showed that it was possible to have a 
raw waste with pH 11.5 and 1000 mg per L glucose as 
organics and to have complete stabilization without 
preneutralization. Pilot plant studies have also shown 
that the system can absorb radical fluctuations in 
organic strength and hydraulic flow without upsetting 
the system. 

This biological treatment system has been named 
Hi-Lo activated sludge since it carries high solids and 
produces a low BOD effluent regardless of the influent 
concentration. Hi-Lo activated sludge has been pilot 
planted for two industrial waste systems, with one 
system partially constructed and in operation. The cost 
of this system is only one-third to one-fifth of the cost of 
conventional systems and can be set up to operate itself 
completely automatically. Hi-Lo activated sludge is not 
the ultimate answer but merely the first step in an 
effort to tie together the fundamental microbiology and 
biochemistry with the economics of construction and 
operation. Better aerobic biological waste treatment 
systems will be designed and built only when proper 
consideration is given to both the microorganisms and 
the physical structures. 
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Sewage and industrial waste is usually regarded as 
foul and dangerous as compared to a pure domestic 
water supply. This general conception is well justified, 
but the layman rarely realizes that the sewage resembles 
the original water closely. The waste may contain color, 
some suspended and soluble material, and look dirty, 
but more than 99.9 per cent of it still is water. 

Chemical composition of domestic waste will vary 
considerably from place to place, from hour to hour, 
throughout the day. This plus the frequent admixture of 
industrial wastes make the establishment of an average 
difficult, and often these 
difficulties are reflected in preparing subsequent treat- 


waste composition most 
ment needs. 

Domestic sewage Consists principally of bathroom, 
laundry, and kitchen wastes. Laundries contribute soap, 
starch, and dirt. Kitchen wastes consist of waste food, 
grease, soap, sugar, salt, and sand. Household waste 
discharged into sewers may be augmented by oil, 
grease, sand, and dirt from operations such as garages 
and filling stations. Storm water entering the waste 
system dilutes the domestic sewage and also adds sand, 
gritty matter and some soil. Industrial wastes will vary 
from cooling waters containing little suspended matter 
and having no oxygen demand to slaughterhouse and 
distillery wastes which often have large amounts of 
suspended material and a high oxygen demand. 

The objective of waste treatment design is to separate 
this less than 0.1 per cent suspended and soluble solids 
from the liquid phase economically so that the resultant 
treated effluent discharged to the receiving waters will 
hot impair the best water usages and interests down- 
stream. Treatment facilities, such as bars, screens, 
primary sedimentation, filters, activated sludge, and 
fnal settling tanks, are used in various combinations 
to achieve solids and/or soluble substances separation. 

The settled the 
Primary and/or is 


material which accumulates in 


units 
pumped into anaerobic digestion facilities. The ob- 


secondary sedimentation 


jective of this anaerobic stabilization procedure is to 
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transform an offensive smelling and viscous sludge to 
one which is readily dewaterable and inoffensive. It has 
often been stated that a waste treatment process is only 
as effective as its solids handling efficiency. 

Destruction of organic matter can take place under 
aerobic or anaerobic conditions; however, this paper 
will confine the discussion to the anaerobic phase only. 
Generally, sludge solids are conveyed to digestive 
systems so that the important factors affecting digestion 
efficiency can be confined and readily controlled. 
Temperature, stirring, reaction and gas collection are 
thereby maintained at desirable levels. This digestive 
action is essentially similar in septic tanks, two-story 
tanks, and separate sludge digestion tanks. 

The breakdown of the complex organic matter is 
accompanied by production of intermediate or end 
products. These processes are performed by bacteria 
and other microorganisms. During decomposition some 
of the intermediate and end products produced dissolve 
in the supernatant liquor. This liquor is normally re- 
turned to the raw sewage for further treatment or, if 
two-story tanks are involved, the intermediate products 
dissolved in the liquor diffuse into the clarified sewage 
and then pass out with the effluent. The removal of 
liquor from sludge digestion tanks is a good practice not 
only to obtain a denser sludge with smaller volumes, but 
also, indirectly, this removal is beneficial in eliminating 
certain of the bacterial end products which accumulate 
and may subsequently retard bacterial activity. The 
intermediate compounds formed consist primarily of 
nitrogen, carbon, sulfur, and phosphorus compounds. 
The end products are mainly gases, a humus-like 
residue, and salts. The gases evolved are usually meth- 
ane, carbon dioxide, and hydrogen sulfide and, under 
certain conditions, hydrogen. Ammonium carbonate, 
which plays the role of buffering the mixture, is one of 
the most important salts formed. 

The combustible gases formed are collected and used 
for heating digestion tanks and buildings; to supply gas 
for laboratory equipment; and to develop power in gas 
engines to pump sewage and operate sludge pumps, 
boilers, air compressors, and other mechanical equip- 
ment. The fuel value derived’ from the gases of fresh 
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and/or chemically coagulated sludge is about 600 to 650 
BTU per cubic foot, or from 500 to 600 BTU per capita 
per day. 

Decomposed solids removed from the digestion tank 
are normally spread on specially constructed sand beds 
to remove the bulk of the water from the sludge. The 
beds may be opened to the air or covered. Other pro- 
cedures used to handle the digested solids are vacuum 
filters and incineration. To eliminate large sludge drying 
beds the rotary vacuum filter has been adopted. The 
filtrate is returned to the raw sewage. After the sludge 
has been dewatered to a moisture content of 80 per cent 
or less, it may be mixed with garbage and rubbish and 
burned in an incinerator. In some cases, the liquid 
sludge is sufficiently concentrated to permit charging 
into an incinerator without 
watering. 


prior mechanical de- 


Digested sludge has value as a subgrade fertilizer and 
soil conditioner and possesses some fertility. Small 
amounts of the principal fertilizer ingredients, such as 
nitrogen, phosphorus, and potash, are present. How- 
ever, sludge will contain trace elements and growth- 
promoting substances. 

Whenever sewage solids or certain industrial wastes 
or combination thereof are subjected to anaerobic de- 
composition, the mixture passes through three basic 
stages as follows: (1) a period of intensive acid produc- 
tion, (2) a period of intensive digestion or liquefaction, 
and (3) a period of intensive digestion and stabilization, 
commonly referred to as gasification. Generally, each 
period is identified by the production of typical inter- 
mediate end products, a change in reaction pH, move- 
ment of sludge, odors, and changes in biological life. 
Under normal operating conditions all three stages 
occur simultaneously since plant scale digestion is a 
continuous process. The method of operation usually 
determines which stabilization stage is predominant. 
The previously referred to stages of digestion may be 
demonstrated by observing the changes in pH values of 
the liquor and the rate of gas production of unseeded 
fresh solids. If a sewage sludge is permitted to decom- 
pose anaerobically a very sharp drop of reaction pH 
from approximately 6.5 to 5 will occur within the first 
few days. The mixture will remain at its low pH level 
as much as 60 to 80 days before the reaction pH gradu- 
ally rises and normal rapid decomposition takes place. 
Untreated fresh solids require as much as 140 to 200 
days before transformation to ripe sludge takes place. 
If the fresh solids are intermittently subjected to pH 
adjustment with lime, this time of digestion can be 
reduced to 100 days, whereas with seed material the 
digestion could be completed in 30 to 40 days. A reduec- 
tion in digestion time is an important economical 
factor when design capacity of digestion units is to be 
considered. The gas production rate is usually congruent 
with pH pattern. The most desirable condition is to 
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have the gasification stage proceed in full force at all 
times and not to permit an undesirable lowering of the 
pH. 

The major factors affecting the rate of decomposition 
are seeding, temperature, and reaction. Seeding or 
inoculation of fresh waste solids with digested sludge js 
the most important single factor in digestion. This ripe 
sludge contains organisms and enzymes needed for rapid 
decomposition; it also provides a balanced environment 
for the organisms. The sludge contains materials which 
counteract the effects of intermediate decomposition 
products formed in early stages of digestion. By utilizing 
proper seed ratio, the three stages referred to heretofore 
are condensed in such a fashion that periods of acidifi- 
cation and liquefaction are continually going on without 
becoming predominant and thereby a period of retarda- 
tion is prevented. Ideal conditions are maintained and 
rapid gasification is continuous. The total quantity of 
gas is not influenced by seeding, but the rate of pro- 
duction is markedly changed. 

Under continuous operating conditions, the amount 
of fresh settled solids that may be safely added to a 
seeded mixture, without upsetting optimum conditions, 
is directly related to the temperature of the mixture. 
The effect of higher temperature is reflected by the 
increased rate of gasification and the amount of volatile 
matter destroyed. The total amount of gas evolved at 
different temperatures is not appreciably different at the 
end of digestion but is produced in a shorter time at the 
higher values. The time required for digestion, there- 
fore, decreases with increased temperatures. 

The common practice is to maintain a temperature of 
about 85 F for mesophilic digestion. On occasion, it 
has been shown that temperatures up to 95 I will in- 
crease the rate of digestion slightly, but a practical 
consideration comes in whereby it may be difficult to 
maintain the 95 F temperature throughout the year 
and consequent operational difficulties may arise during 
colder weather unless supplemental heating is provided. 
Thermophilic digestion works best at about 125 F. 

Generally, the organisms responsible for active 
decomposition of waste solids will result in an environ- 
ment which is about neutral; however, the chemical 
quality of the water supply may alter the optimum 
level slightly. It has been found that in regions of soft 
water the optimum pH lies between 7.2 and 7.6, where- 
as in hard water regions this range is often lower. 

The need for a more thorough understanding of the 
course, stages, mechanism, and products of decompo- 
sition has been evident for many years. Further im- 
provement of digestion procedures, possible by-product 
recovery, and acceleration of anaerobic digestion of 


sewage solids and industrial wastes would be a great 
asset to waste treatment progress. Rudolfs’ (1927) 
statement of thirty years ago that “new methods of 
sewage disposal can be found only by careful study by 
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bio-physico-chemical conditions governing the settling, 
decomposition, and drying of sewage solids” is even 
more significant at the present time. 

The importance of knowing the processes of de- 
composition carried out by the bacteria in sewage 
solids digestion cannot be overemphasized. It has been 
recognized for several years that a knowledge of changes 
taking place during decomposition would aid con- 
siderably in understanding digestion and might even 
change or improve existing methods. Such information 
might easily be the basis for improved solids decompo- 
sition by regulating conditions to favor the most 
desirable processes. 

Further study on the products produced during the 
degradation of sewage solids and indystrial wastes may 
lead to some desirable by-product) recovery. It has 
been demonstrated that the additions of certain com- 
pounds to fermenting mixtures have effected further 
compound formation in a desirable direction. It might 
be possible to guide specific compound formation in 
digesting solids so as to obtain a valuable by-product. 

The actual knowledge of sewage solids decomposition 
has not proceeded much beyond the general concept of 
three general groupings; namely, intensive acid pro- 
duction, acid digestion, and digestion of more resistant 
materials. There are many reasons why the mechanism 
of sewage solids degradation is so difficult to compre- 
hend and will require a considerable amount of research. 

A few of the findings to date may be of interest. 
Winslow and Belcher (1904) made a study, based on 
morphological and cultural characteristics, of 15 groups 
Facultative 
anaerobes predominated and there was no tendency 


of bacteria in sewage during storage. 


toward any special groups, the most representative 
ones being cocci, as well as Bacillus subtilis, Escher- 
ichia coli, Aerobacter aerogenes, and Klebsiella rhino- 
scleromatis. 

O’Shaughnessy (1914) reported the presence of 
bacteria of the coli and proteus groups as well as 
denitrifying, fat-splitting, and cellulose organisms in a 
seeded sludge after active digestion. 

Hotchkiss and Murray (1923) observed (a) bacteria 
capable of attacking complex protein, yielding soluble 
compounds; (b) bacteria attacking less complex protein, 
resulting in liquefaction; (c) bacteria reducing protein 
and peptone, yielding ammonia as a by-product; and 
(d) bacteria yielding sulfides as a product of proteolysis. 

Other groups of organisms found were the sulfate- 
reducers, cellulose-digesters, fat-splitting organisms 
and bacteria which oxidize thiosulfate to free sulfur and 
sulfates. 

Gaub (1924) observed that, under anaerobic condi- 
tions, coliform was the largest group with Salmonella 
tlyphosa and B. subtilis present in great numbers. 
Ammonifiers, nitrate-reducers, proteolytic, and non- 
proteolytic bacteria were also found in large numbers. 


The isolation of pure cultures of anaerobic, meso- 
philic, cellulolytic bacteria from sewage sludge was 
reported by Hungate (1950). A marked prevalence of 
nonsporeforming, obligately anaerobic bacteria among 
the cellulolytic strains was observed in digesting 
sludge. 

McBee (1950) studied the thermophilic cellulose- 
fermenting bacteria and reported that pure cultures 
produced the same end products from cellulose fer- 
mentation. 

The possibility of production of petroleum from the 
anaerobic digestion of waste organic materials by 
Bacillus perfringens was reported by Laigret (1949). 

Neave and Buswell (1930) obtained cultures of the 
methane-producing Sarcina and rods described by 
Sohngen (1910) from an actively fermenting digestion 
tank. 

Heukelekian and Heineman (1939) did not actually 
isolate methane-producing organisms in pure culture, 
but microscopic examinations of cultures of acetate and 
butyrate media showed a Sarcina, a coccus, and a rod- 
shaped organism to be present at times. 

Barker (1936b) obtained purified cultures of four 
distinct types of methane-producing bacteria and 
described them as follows: 

(a) Methanosarcina methanica. Large spherical cells 
characteristically grouped to form cubical sarcina 
packets. Fermentation of acetic and butyric acids 
resulted in a production of methane. Ethyl alcohol is 
almost certainly not fermented. 

(b) Methanoccoccus mazei. Small spherical cells 
occurring singly and in small groups. Acetic and 
butyric acids are fermented with a production of 
methane. Ethyl and butyl alcohols are not fermented. 

(c) Methanobacterium séhngenii. Rod-shaped cells, 
characteristically joined into long threads. Acetic and 
butyric acids are fermented with production of methane. 
Ethy] alcohoi is not fermented. 

(d) Methanobacterium omelianskii. Thin, frequently 
bent rods, single or joined to form short threads. Ethy] 
alcohol is fermented to acetic acid and butyl! alcohol to 
butyric acid with methane formation. Acetic acid is 
almost certainly not fermented. 

Stadtman and Barker (195la) isolated and studied 
two new species of methane-producing bacteria. One, 
Methanobacterium suboxidans, converts valeric acid to 
propionic and acetic acids. Similarly, butyric and 
caproic acids are oxidized quantitatively to acetate. 
The other organism, Wethanobacterium propionicum, 
oxidizes propionic acid, yielding carbon dioxide and 
acetate. Methane formed in these fermentations is 
derived entirely from ¢arbon dioxide. The same authors 
(Stadtman and Barker, 1951b), using tracer tech- 
niques, showed that the /ethanosarcina forms methane 
from the methyl group of acetate and from methyl 
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alcohol, rather than from carbon dioxide, in the fer- 
mentation of these substrates. 

Barker (1936a, 1937) regarded the methane fermen- 
tation of acetic acid as being a dehydrogenation of the 
acid accompanied by a reduction of carbon dioxide as 
with the alcohols. 

Buswell and Sollo (1948) used radioactive C™ to mark 
the carbon atom of the carbon dioxide so as to confirm 
the suggestion of Barker. However, the findings showed 
the fermentation of acetic acid proceeded directly 
without the reduction of carbon dioxide to methane, as 
was shown to be the case for several alcohols and other 
volatile acids. 

Stadtman and Barker (1949) are at variance with 
Buswell and Sollo on the mechanism for acetic acid 
decomposition by methane organisms. 

The present concensus ts that methane can be formed 
from at least two sources, carbon dioxide and the 
methyl group of acetic acid. 

Buck ef al. (1953) and Keefer et al. 19538a and 19538b) 
reported the isolation of a new organism from actively 
digesting sewage sludge and named it) Streptococcus 
diploidus. It is a liquetying, facultatively anaerobic, 
nonpathogenic, gram-positive, nonsporeforming cCoccus. 

Buek et al. (1954) reported another organism which 
they named Bacillus endorhythmos. This organism was 
found tobe a liquefying, facultative, aerobic, nonpatho- 
genic bacillus which grows in chains or singly. The 
authors concluded that the organism acts in synergism 
with gas-producing bacteris. 

Heukelekian and Heineman (1939) studied — the 
digestion of sewage solids by the addition of enriched 
cultures of methane-producing organisms. 

Heukelekian and Berger (1953) noted that the 
addition of enzymes, bacterial cultures, or yeast did 
did not increase liquefaction of waste solids. 

Studies were conducted by the author (Heukelekian 
and Kaplovsky, 1949; Kaplovsky, 1950, 1951 and 1952) 
of the accumulation and separation of lower volatile 
fatty acids produced during domestic and industrial 
waste decomposition and the relative concentrations 
formed during the periods of stabilization. 

Mueller, ef al. (1956) studied the suitability of a 
chromatographic technique for the separation and 
identification of volatile acids from domestic and 
industrial origin. 

Heukelekian and Berger (1951, 1953) studied the 
production and accumulation of the lower molecular 
weight alcohols, acetone, and acetaldehyde produced in 
the course of digestion. Investigators are now studying 
the accumulation and stabilization of the higher volatile 
acids occurring during domestic and industrial waste 
decomposition. 

In his discussion of Torpey’s (1955) paper on high- 
rate digestion, Heukelekian made the following inter- 
esting comment: “In any biological treatment process, 
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whether anaerobic or aerobic, when these environ. 
mental and engineering factors are controlled, miero- 
organisms seem to be able to adjust themselves to 4 
higher population level and seemingly do more work 
than was deemed possible. It has been pointed out 
that microorganisms do not need rest’ periods. The 
reason for less than maximum efficiency is not due to 
biological failure, but rather to failure to exploit the 
activities of microorganisms to the maximum by not 
providing them with the proper environmental con- 
ditions.” 

The digestion or stabilization of sewage solids is a 
fermentation process in which a decidedly diversified 
group of microorganisms, capable of existing under 
anaerobic conditions, take part. Essentially, two 
methods of approach have been used to study the 
mechanism of decomposition; namely, (a) the addition 
of known compounds to pure cultures then determining 
the resulting products of decomposition, or (b) the 
isolation of the intermediary compounds progressively 
from a digesting waste. The former method of approach 
is apparently the least difficult and has been used by 
most investigators. The latter technique has been 
resorted to infrequently. Little is known about specific 
compounds or of the bacterial degradation products of 
the complex materials in sewage solids. This has been 
due to the difficulty of separation and analysis with 
existing laboratory techniques. 

Since the isolation of phosphoglyceric acid from the 
dissimilation of glucose by a wide variety of micro- 
organisms, many investigators are of the opinion that 
this is the key intermediary in bacterial metabolism. 
But after this initial step in the mechanism the possible 
intermediaries reported have been of a wide variety. 

The more abundant of the intermediary compounds 
demonstrated were formic, acetic, propionic, butyric, 
lactic, succinic, pyruvic, stearic, palmitic, and oleic 
acids; methyl, ethyl, propyl, butyl, and isopropyl 
alcohols; glycerol, mannitol, acetone, acetaldehyde, 
acetylmethylearbinol, and 2,3-butylene glycol. Very 
many combinations of the above intermediaries are 
possible and have been suggested in the various schemes 
of decomposition reported. The complexity of com- 
bination of the above compounds can be attributed to 
a number of factors, specifically: (a) environmental 
conditions, (b) type as well as the strain of the organ- 
ism, (c) accumulation of specific compounds, and (d) 
assimilation of new compounds. 

Consequently, with the variety of organisms present 
in sewage solids capable of producing many iter- 
mediate compounds from even a single substance, the 
evaluation or study of waste solids decomposition cot- 
taining numerous compounds becomes ever so much 
more difficult. All the ingenuity of investigators in 


related fields of science must be drawn upon to effec: 
tively investigate this complex problem. 
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Principles of aerobie and anaerobic treatment of 
organic wastes were developed in the previous papers 
of this symposium. The application of these principles 
to engineering design is discussed in this paper, Al- 
the the 
treatments, the concepts are equally applicable to 


though discussion is” restricted to aerobic 
anaerobic treatments. 

Laboratory or pilot) plant studies are employed to 
develop engineering design criteria, Laboratory studies 
are usually batch treatment operations in which various 
concentrations of acclimatized sludge are aerated with 
known quantities of waste. Changes in pertinent 
characteristics such as BOD, COD, oxygen utilization, 
and sludge accumulation are noted with time. Relation- 
ships between time and concentration can be developed 
from such data. 

A pilot plant treats waste continuously, simulating 
anticipated plant scale operation. Variables such as 
organic matter loading, air rate, and microbial sludge 
content are changed under conditions of steady state 
Pilot 


provide a sound basis for scaling up to process design. 


operation, plant data statistically analyzed 


PROCESSES 


Bro-OXIDATION 


Bio-oxidation systems may be broadly classified into 
two categories: the fixed bed or trickling filter and the 
fluid bed or activated sludge. These two systems may 
be sub-classified into various modifications. 

The trickling filter is a system in which the organic 
waste is distributed over microbial growths attached 
to a stone or other media. As the water passes through 
the filter, the time of contact with the biological slimes 
is 15 to 25 min; henee, it is probable that the initial 
reactive capacity of the filter slimes for the waste 
exerts a major. influence on filter performance. Treat- 
ment performance is further enhanced by recirculation 

' Presented at the 13th General Meeting of the Society for 
Industrial Microbiology, Storrs, Connecticut, August 26 to 
30, 1956. 

2 A laboratory of the Eastern Utilization Research and De 
Agricultural Research Service, U. 8. 


velopment Division, 


Depart nent of Agriculture . 
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of the effluent, thus permitting the organic matter to 
contact the filter films more than once. 

Oxygen is transferred to the films from) air drawn 
into the filter bed due to a temperature gradient be 
tween the waste and the ambient air and also from 
oxygen dissolved in the incoming waste. Figure | is a 
schematic presentation of a trickling filter, 

Activated sludge processes are systems in- which 
microbial growths are continuously circulated | and 
contacted or mixed with organie waste in the presence 
of oxygen. The oxygen is usually supplied from air 
bubbles injeeted into the mixing sludge-liquid mass 
under turbulent The 
involves an aeration step followed by a_ solids-liquid 


conditions, process basically 
separation step from which the separated sludge is 
batch 
process has recently been developed. in 


reeyeled for admixture with fresh waste. A 
treatment 
which waste is added to the system for a part of a 
day followed by sedimentation and decantation (INounty, 
1954). A balance is attained to minimize excess sludge 
production in the system. 


Design Pacrors 
Primary variables important in the design of con- 
tinuous systems are: * 

(a) Aeration detention period required to convert a 
specified loading of organic matter to a pre- 
determined stabilized level. 

(b) Oxygen demand rates and air requirements. 

(c) Sludge accumulation and disposal. 

(d) Nutritional requirements. 

(e) Solid-liquid separation. 


Acration Detention Period 


The assimilation of organie matter by microbial 
growths is a time-concentration phenomenon. There- 
fore, it may be generalized that the efficiency of BOD 
removal in the activated sludge process is a function 
of the aeration time, the concentration of active sludge 
solids and the BOD loading. The efficiency may be 
related to a loading factor involving the aforementioned 
variables (Eekenfelder and O’Connor, 1954; Fair and 
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Tanie lL. BOD reduction of 
Wast Proce 

Ib day 
sewage’ Conventional 0) 
sewage* High rate 2 
Pulp and papert Conventional 0. 
Pharmaceuticealt Conventional re 
Cannery§ Conventional 2. 
Cannery Contact stabiliz. l 


* Haseltine, 1955 

t Hekenfelder and Moore, 1954 

t Dryden ef al., 1955 

§ Kekenfelder and Grich, 1955 

© The BOD loading to the aerator alone is 12.4 Ib BOD/day 


Thomas, 1950; Haseltine, 1955). This loading factor 
is expressed: Ib BOD per day per Ib aeration sludge. 
When pilot plant operation approximates desired condi- 
tions this loading factor may be employed as a primary 
design criterion. In present practice, aeration de- 
tention periods vary from 1 to 8 hr while the mixed 
liquor sludge solids concentrations vary from 1000 
10 4000 ppm. 

In treatment of domestic sewage employing con- 
ventional activated sludge, 90 per cent BOD reduction 
has been obtained with loading factors varying from 
)%.1 to 0.5 Ib BOD per day per Ib aeration sludge. 
Similar reduction in BOD has been obtained by oxi- 
dation of Kraft mill waste with a loading factor of 0.3. 
Table 1 shows some typical performance data, 

Garrett and Sawyer (1952) used glucose and peptone 
ind obtained maximum removal rates of 3.6 lb of BOD 
per day per Ib solids at 10 C, 11.6 Ib of BOD at 20 C, 


and 20.8 Ib at 30 C. Lower maximum removal rates 
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Schematic presentation of a trickling filter (Courtesy of Dorr-Oliver, Ine. 


é 
organic wastes by activated sludge 
BOD Loading Mixed Liquor . . BOD 
Sludge Solids —— ~ — Reduction 
Piais ime udge 
Ib MLSS ppm J 
hy per cent per cent 
228 153 2050 6.34 35 90 
OS 132 530 2.92 20 67.5 
30 183 2910 3.85 33 91.2 
60 1556 3292 3.75 100 89.0 
56 630 2500 1.8 81.6 
28 600 3220 3.0 100 84.0 


lb sludge and is principally cell storage (leekenfelder, 1952a). 


have been observed in the treatment of pharmaceutical 
and cannery wastes. 

The loading factor is expressed in terms of mixed 
liquor suspended solids for convenience. Since only a 
portion of the sludge may be considered as active 
culture (Hoover et al., 1951), BOD removals observed 
for a particular system are representative only of that 
specific waste. In some cases volatile suspended solids 
will provide a better correlation than total suspended 
solids. An example from a pulp and paper waste oxi- 
dation may be cited. The sludge was 85 per cent volatile 
but, due to the presence of biologically inert fiber and 
other volatile solids, the computed active fraction was 
only 70 per cent. This active fraction was variable 
depending upon the detention time and fiber load on 
the process. 

The loading factor employed for a process design 
should consider the total time the sludge mass has 
been undergoing aeration. Some process modifications, 
such as contact stabilization, employ a short aerating 
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contact period of the waste with sludge for rapid. re- 
moval of BOD (principally as storage) followed by a 
relatively longer period of aeration of the resulting 
sludge for oxidation and synthesis (Porges et al., 1955). 
The loading factor computed for waste aeration alone 
is primarily representative of storage, while the loading 
factor based on the entire waste and sludge mass in- 
volves all steps of the process. 

Loading-efliciency data for any particular waste 
must be obtained by experimental investigations on 
that waste using well acclimated sludge. The loading 
that can be applied to the sludge or the amount of 
organic matter stabilized is related to various secondary 
factors that influence the performance of the over-all 
process. Many investigators have interpreted these 
factors in terms of sludge age which in turn is related 
to the length of time the sludge has been undergoing 
aeration. Sludge age may be generally considered as the 
reciprocal of the loading factor. Gould (19532) defines 
sludge age as the ratio of the mixed liquor suspended 
solids to the suspended solids per day in the raw sew- 
age. A more fundamental interpretation of sludge age 
was advanced by Gellman and Heukelekian (1953) 
who consider it as the ratio of the mixed liquor. sus- 
pended solids to the Ib BOD removed per day in the sys- 
tem. 

Edwards (1949) and Gould (1953b) showed the 
conventional process to have a sludge age of 3 to 4 


days in summer, and 0.4 days in winter. P 


oor settling 
properties were obtained over the range of 0.5 to 3.0 
days. 

Interesting studies by Melkinney (1955) indicated 
that, at high loading factors, sludge does not flocculate 
but rather functions as a dispersed growth. Only when 
the sludge approaches the endogenous phase does 
flocculation occur. Flocculation of biological sludge is 
therefore interpreted as a function of the energy con- 
tent of the system and occurs when the latter is rela- 
tively low. Busch and WKalinske (1955) attributed 
nonflocculant properties (poor settleability) to a young 
sludge population in the log growth phase. While 
there is some doubt as to interpretation of the effects 
of high loadings on the performance of the over-all 
process, it is generally conceded that sedimentation 
and compaction of sludge are impaired when high 
loading factors are employed. 

When the BOD loading per unit time is plotted 
against the BOD removal per unit time, a curve is 
obtained in which, within limits, the removal approxi- 
mates a linear function of the loading. At high loadings 
the removal approaches a limiting value so that in- 
creased loadings substantially affect no further re- 
duction. 

Similar loading factors may be employed for the 
design of trickling filters. Since exact measurements 
of the quantity of active sludge solids are impractical, 
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the loading factor is usually expressed as lb of BOD 
per day per cu yd of media. Maximum observed re. 
movals in filter operation are 3.1 to 3.3 lb of BOD 
per day per cu yd producing an over-all process efficiency 
of 25 to 35 per cent (Fischer, 1942; Walton, 1943. 
Velz, 1948). Since the quantity of available sludge in g 
filter varies from 8 to 12 Ib per cu yd for low rate filters 
and 5.5 to 11 lb per cu yd for high rate filters (Heu- 
kelekian, 1945), the maximum removals are 0.2 to 0.4 
lb of BOD per day per Ib sludge. In polystyrene 
filter media recently developed (J. R. Bryan, Personal 
Communication), 4.6 Ib of sludge of 70 per cent vola- 
tile solids content was found per cubic yard of me- 
dia. The sludge film varied from 4,6 to 'g in in thick- 


hess. 


Oxygen Demand Rates and Air Requirements 

Oxygen plays an essential role in aerobic biological 
treatment and must be supplied at a rate equal to or 
greater than its rate of utilization for optimum effi- 
ciency. Oxygen utilization may be defined as the weight 
of oxygen consumed by a given weight of microbial 
sludge per unit of time. It is usually expressed as ppm 
QO» per hr per g sludge. 

A linear relationship will exist between the sludge 
concentration and the oxygen utilized over the range 
of sludge concentration usually employed (lcken- 
felder, 1952b, ¢; Hixon and Gaden, 1950). In very high 
sludge concentrations (> 10,000 ppm) the unit rate 
of oxygen utilization may decrease due to diffusional 
resistances (Dawson and Jenkins, 1949), 

The oxygen utilization rate characteristics of a 
sludge-liquid mass is defined by the quantity of un- 
oxidized organic matter present (nutrient) and_ the 
growth phase of the sludge (assimilation or endogenous 
respiration). Active respiration occurs in the presence 
of sufficient food and oxygen to produce energy for 
the assimilation of organic matter. In addition to the 
above oxidation, the sludge produced by the assimi- 
lation of organie matter is continually oxidized by its 
own mass. Hoover and Porges (1952) define this as 
endogenous respiration. Endogenous respiration 1s 
frequently defined as the per cent oxidation per day 
of the sludge solids under aeration. This would corre- 
spond to a constant rate of oxidation per unit of sludge. 
Actually the oxidation rate decreases with time due 
to the fact that the cell constituents differ in their ease 
of oxidation, and for many microorganisms is a log: 
arithmic decline. 

The total oxygen requirements for a biological system 
may be related to the quantity of organic matter 
removed and the concentration of sludge solids ac- 
cording to Eq. 1 and illustrated on figure 2. 


ppm O, = (l-a)L, + bS (1 
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removal for a paper mill waste, 


In this equation: 
a = that part of the BOD removed from solution 
for synthesis 
l-a = part of removed BOD oxidized 


L, total BOD removed in ppm 

bh = rate of endogenous respiration, per cent per 
day 

S = sludge solids in ppm 


The constants for this relationship must be experi- 
mentally evaluated for any particular waste. Caution 
must be exercised in the interpretation of Eq. 1 when 
organic matter (BOD) is stored in the sludge system 
as this relationship is based upon a synthesis-oxidation 
balance. A similar relationship was derived by Smith 
(1952) for the oxidation of domestic sewage. 

Sludge cells tend to clump, hence decreasing the 
quantity of oxygen that can be transferred to them by 
increasing resistance to transfer. Hober (1945) and 
Pasveer (1954) defined a mathematical relationship for 
oxygen diffusion into microbial cells which is a function 
of floc size, diffusivity, oxygen utilization rate, and 


external concentration of dissolved oxygen (driving 


force). High degrees of agitation will disperse the sludge 
clumps and increase the transfer rate to the cells for 
metabolism. By decreasing the mean floc radius, a 
greater surface is exposed for oxygen transfer and the 
degree of oxygen penetration is increased. This results 
In increasing the unit rate of oxygen utilization. The 
maximum turbulence desired in a system may be 
defined as that power input which will not excessively 
shear the floc particles and will not prevent subsequent 
settling. Turbulence and power input to the aeration 
system is frequently expressed as horsepower absorbed 
per 1000 gallons of tank capacity. 

Air requirements to the activated sludge process are 
dictated by the oxygen utilization requirements of the 
process, the physical and chemical properties of the 
waste to be aerated, and by the gas-liquid absorption 
properties of the aerating device. The oxygen absorption 
capacity of wastes will differ from that of pure water 


due to changes in surface tension and viscosity. De- 


pending on the specific nature of the wastes, absorption 
may be as low as 20 per cent of that of water under 
standardized aeration conditions. 

Bio-oxidation alters the physical and chemical 
properties of waste mixtures, and modifies the transfer 
capacity to a value approaching that of water. During 
activated sludge treatment of domestic sewage, 4-hr 
aeration increased the oxygen transfer capacity from 
72 to 90 per cent of that of water. High mixed liquor 
solids concentrations in the activated sludge process 
reduced the transfer capacity by altering the physical 
properties of the aerating medium. In the presence of 
10,000 ppm sludge, absorption was only 20 per cent 
of that in pure water (Gaden, 1949). 

In the long rectangular aeration tanks used in con- 
ventional activated sludge practice, the sludge-liquid 
mixture is rolled down the tank length with a spiral 
motion imparted by the air. As the BOD in the influent 
waste undergoes oxidation and synthesis, the oxygen 
utilization rate decreases and approaches that of the 
endogenous level toward the end of the aeration basins. 
Figure 3 shows the plot of a typical utilization curve. 
(A variable utilization rate will usually not be found 
in square or circular tanks since the homogenizing 
effect of the agitation and aeration tends to equalize 
the utilization rate at a mean level.) 

Tapered aeration takes economic advantage of this 
decreasing utilization rate through the aeration tanks. 
Oxygen absorption can be adjusted to meet the neces- 
sary demand by reducing the number of individual 
aeration assemblies along the tank length or by regu- 
lating the rate of air flow at each point in the aeration 
tank by appropriate valving. 

Three basic types of aeration devices are commer- 
cially available. Porous type orifice diffusion units are 
(1) plates or tubes constructed of silicon dioxide or 
aluminum oxide grains held in a porous mass with a 
ceramic binder and (2) saran or nylon wrapped tubes 
or bags. These units are permanently placed in the 
bottom of an aeration tank or are suspended from 
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flexible joints along the sidewall of a tank. When air 
is diffused through these units, a helical or screw 
motion is imparted to the sludge-liquid mixture. The 
second type represented by the impingement or jet 
aerator employs mechanical or air shear. 

The third type consists of mechanical aerators which 
entrain atmospheric oxygen into the sludge by surface 
agitation or disperse compressed air by a shearing and 
pumping action employing a rotating turbine or agi- 
tator. In the latter, air is discharged from a pipe or 
sparger ring placed beneath the agitator and is broken 
up by the shearing action of the high-speed rotating 
blades moving through the liquid. As the speed of the 
impellor is increased, the bubble size is decreased, thus 
increasing the total interfacial area. For systems re- 
quiring low oxygen utilization rate, oxygen may be 
supplied by air, self-induced from the negative head 
produced by the rotor, thus eliminating the necessity 
for external blowers or compressors. 

The orifice and air-liquid shear units have an ab- 
sorption efficiency of 5 to 15 per cent in pure water at 
air rates of 4 to 12 standard cubic feet per minute per 
unit. Power requirements may be expected to vary from 
0.2 to 0.4 kilowatt per hr per lb oxygen transferred to 
the solution. Mechanical aerators will exhibit higher 
efficiencies at increased power levels (Eckenfelder, 
1955; Kountz and Villforth, 1954). 


Sludge Production 


The quantity of bacterial sludge produced will be 
proportional to the BOD removed in the process. 
Additional sludge for disposal will be contributed by 
inert suspended solids present in the waste. The com- 
position of the sludge in an oxidation system may 
consist of microbial protoplasm, nonoxidizable organic 
matter, organisms and inorganic solids. The quantity 
of microbial sludge produced by a system can be esti- 
mated by the following material balance: 


Excess biological sludge = al, — bS (2 
? + om) / 


The value, a, has been found to vary from 50 to 75 
per cent of the BOD removed by the system assuming 
no storage. Hoover et al. (1951) and Sawyer (1955) 
show that the expected growth of new sludge is 50 to 
60 per cent of the dry weight of organic food. Gellman 
and Heukelekian (1953) obtained a yield of 0.5 lb of 
volatile solids per Ib BOD fed to the system. 

The presence of inert suspended solids removed in 
the system will increase the total quantity of sludge 


for disposal and Eq. 2 should be modified. 

Excess sludge = al, — bS + C (3) 
in which C = inert suspended solids. The portion of 
the sludge which will be consumed in the process by 
oxidation (endogenous respiration) will be a function 
of the solids concentration and the time of aeration. 


Ivou, 5 


At lower temperatures the rate of endogenous respira- 
tion is reduced and less of the synthesized sludge js 
oxidized. 
Nutritional Requirements 

Efficient and successful biological oxidation of organic 
wastes requires a minimal quantity of nitrogen and 
phosphorus for the synthesis of new cell tissue. Ip 
addition, trace quantities of several other elements 
such as potassium and calcium are required. These 
natural 
quantity to satisfy the requirements for 


elements are usually present in waters in 
sufficient 
bacterial metabolism. Nitrogen and _— phosphorus, 
however, are frequently deficient in waste substrates 
and must be fed as a nutrient supplement to the system 
to attain optimum efficiency. 

The nitrogen cycle in biological waste treatment is 


shown below: 


Organic nitrogen 


BOD + NH, + Os: > Bacterial cells + CO. + H.0 
(Organic nitrogen) 


NH; + CO. + H0 


+ O 
NO, 

+ (). 
NO 


As may be observed, some nitrogen will be reused in the 
system due to the oxidation of cell tissue by endogenous 
respiration with the release of ammonia into the solution 

Nitrogen and phosphorus are important constituents 
of microbial cell structure and are present in the pro- 
teins and amino acids. Cell nitrogen will vary from 6 
to 15 per cent and phosphorus from 2 to 5 per cent ol 
a dry weight basis’ for most microorganisms of im- 
portance in waste treatment practice. Studies by 
Helmers et al. (1952) showed that for optimum proces 
efficiency a minimum nitrogen content of 7 per cent 
and a minimum phosphorus content of 1.2 per cent by 
weight of the total volatile solids should be maintained 
tecent investigations by Porges et al. (1955) revealed 
that, while the cell nitrogen was 12 to 14 per cent in 
the endogenous phase, storage of BOD in the active 
growth phase reduced the nitrogen content to 7 per cent 

Nitrogen in the form of ammonia and some forms @ 
organic nitrogen are available to the organisms fo 


synthesis. Soluble inorganic phosphorus and most 
organic phosphorus are available for microbial usage 
When a nutritional supplement is required for a biologt- 
cal process, ammoniacal nitrogen and soluble phos 
phorus salts are generally used since they are mos 





1957 


read 
nite 
of 0 
solve 
and 

M 
inert 
tent 
from 
cent 
of 3. 
comy 
mest 
on th 

M 
iract 
per 1 
Vo 
requ 
mate 
mum 
sludg 
syste 
amm 


he ac 


So 
hiolo 
sepa 
treat 
subse 
by s 
select 


consi 


WI 
of ac 
aerat 
chara 
settlii 

In 
solids 
a soli 
settli 
evele 
surfar 
pass 
telati 
allow: 
A] 
rate ¢ 
anaer 
intim: 
and ¢ 
as pr 








IL. 0 


pira- 


Ze 1s 


Fanic 
and 
». In 
nents 
These 
rs it 
s for 
LOTUS, 
trates 
ystem 


ent is 


+ HO 


+ HO 


Lin th 
enous 
ylution 
ituents 
he pro- 
from 6 
cent ol 
of im- 
lies by 
proces 
er cent 
cent by 
itained 
evealed 
cent il 
> active 
yer cent 
‘orms 0 
sms fo! 
d= most 
1 usage 
biolog- 
le phos 
re mos! 





1957] MICROORGANISMS IN ORGANIC WASTE DISPOSAL 185 


readily assimilable. It is usually not advisable to add 
nitrates because they may serve as a secondary source 
of oxygen in settling tanks where the available dis- 
glved oxygen may be depleted. Nitrates are reduced 
gud nitrogen gas is formed causing a floating sludge. 

Many activated appreciable 
inert and amorphous fraction hence the nitrogen con- 
tent may be quite low. lor example, a biological sludge 
from a pulp and paper waste containing a large per- 
centage of stable organic matter had a nitrogen content 
of 3.5 per cent based on the total volatile solids. By 
comparison, the nitrogen content of an average do- 


sludges contain an 


mestic sewage biological sludge is 7.5 per cent based 
on the total volatile solids. 

Nutritional requirements may be expressed as a 
fraction of the total volatile solids, as lb of N or P 
per 100 Ib BOD removed in the process or as BOD to 
\ or BOD to P ratios. Nitrogen and phosphorus 
requirements may be more rigorously computed from a 
material balance based on the maintenance of a mini- 
mum nitrogen and phosphorus content in the biological 
sudge produced in the system. Nitrogen is fed to a 
system as a gas (anhydrous ammonia), as aqueous 
ammonia, or as dry ammonium salt. Phosphorus may 
be added as a solution of phosphoric acid. 


Solid-Liquid Separation 

Solid-liquid separation is an integral part of any 
biological oxidation system. The primary function is to 
separate the biological growths from their associated 
treated liquor for return to the aeration process or for 
subsequent disposal steps. Separation can be achieved 
by sedimentation or by dissolved air flotation. The 
lection of method depends on economic or process 
considerations. 


Sedimentation 


When sedimentation is employed the concentration 
of active sludge solids which can be maintained in the 
aeration basins is limited by the settling and compaction 
tharacteristics of the biological sludge in secondary 
settling tanks. 

In a continuously operating settling tank, the sludge 
lids entering the tank must be able to settle through 
asolid layer of any concentration between that of the 
settling tank feed and of the underflow which is re- 
tveled to the aeration tank. Therefore, sufficient tank 
surface area must be provided to allow the solids to 
pass through this concentration layer established in 
relation to a desired underflow concentration and an 
allowable depth of the sludge blanket. 

A limiting factor to underflow concentration is the 
tate and nature of the biological decomposition in an 
imaerobic environment as in a clarifier. This factor is 
intimately related to the chemical nature of the waste 
and to the loading characteristics of the sludge system 
a previously described. For example, an activated 


sludge from a food processing waste could not be main- 
tained in a final tank for long periods due to its high 
activity and gas production. As a result, the maximum 
attainable sludge concentration was 0.4 to 0.7 per cent. 
By comparison, an activated sludge from a pulp and 
paper waste could be maintained for extended periods 
in the final settling tank due to its low activity and 
nongas forming properties; sludge concentrations as 
high as 3.0 per cent could be attained. 


Flotation 

The use of flotation for sludge-liquid separation 
permits a higher solids balance to be maintained in the 
system independent of sludge settling and compaction 
characteristics. Dissolved air flotation is based on the 
concept that, when the air pressure in equilibrium with 
a liquid is increased, the amount of air dissolved in the 
liquid is directly proportional to the increase in pressure 
resulting in a supersaturated solution. When the pres- 
sure is released the dissolved air rises in the solution 
in microscopic bubbles. These fine bubbles attach 
themselves to and are enmeshed in the sludge floc, 
exerting a buoyant force which lifts the floc particles to 
the surface. In general, the suspended solids remaining 
in the effluent and the concentration of solids in the 
floated sludge are related to the ratio of air released at 
standard conditions and to the quantity of solids 
present in the system. 

Optimum results in activated sludge flotation are 
obtained by pressurizing clarified liquor and blending 
this with the mixed liquor in an inlet chamber. The 
ratio of pressurized water to mixed liquor depends 
upon the mixed liquor solids content, the pressure 
employed and the operating temperature. Optimum 
pressures vary from 40 to 60 lb per sq in; while optimum 
recycle rates will vary with the mixed liquor solids, 
but for most applications will range from 30 to 80 
per cent. A retention period in the flotation unit of 20 
to 40 min will insure complete separation. Flotation 
of activated sludges from various waste oxidation 
systems has shown a variation in recycle sludge con- 
centration of 1.6 to 4.0 per cent. Effluent suspended 
solids content of less than 25 ppm is attainable in 
most applications. 

CALCULATIONS FOR PLANT DESIGN 

In order to simplify calculations, symbols and abbre- 
viations are important tools. A few have been used in 
the foregoing presentation. Additional ones are re- 
quired for the calculations necessary for a plant design. 
All these symbols are listed below in the order of their 
appearance in this paper. Many are reused throughout 
this section: 


BOD 


biochemical oxygen demand after 5 days’ 
incubation at 20 C. This is 68 per cent 
of the total or ultimate oxygen demand 
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and is a measure of the available organic 
matter. 

COD = chemical oxygen demand usually obtained 
by chromate oxidation and generally 
equals the total or ultimate oxygen 
demand. 

ppm = parts per million mg per liter 

a = fraction of removed BOD that is synthe- 


sized 

L, = BOD removed, ppm 

b = endogenous respiration rate, per cent per 
day 

S = sludge solids, ppm 

(’ = inert suspended solids 

mgd = million gallons per day 
() = raw waste flow, mgd 
Sr = return sludge 


Sa = mixed liquor suspended solids 
r = sludge recirculation 
La = applied BOD, ppm 


ratio R per Q 
T = detention time in hours, based on (Q + R) 
R = recirculated sludge flow, mgd 
mg = million gallons 
MLSS = mixed liquor sludge solids 
MLVS = mixed liquor volatile solids 


\ 


+ 
II 


volatile solids 


For simplicity, no consideration will be given in this 
example of calculations for plant design to variability 
of waste flow or strength. It has been determined by 
tests that an organic waste has the following average 
characteristics: 


BOD, ppm 980 
Flow, mgd 0.94 
Nitrogen, available, ppm be 5.0 


It is required that treatment remove 90 per cent of 
the BOD. 

Design criteria. Laboratory and pilot plant studies 
gave the following information to meet the above 
requirement. 

Return sludge = 8000 ppm 

compaction versus decomposition studies) 

Mixed liquor volatile suspended solids = 2100 ppm 
2500 ppm = Sz 
8 per cent per day 


S, (based on sludge 


Mixed liquor suspended solids = 
Endogenous respiration rate = 
(based on volatile solids) 


From these, the following calculations are made: 


BOD loading = 0.94 K 980 X 8.34 = 7680 Ib per 
day (8.34 = lb per gal water) 
BOD removed = 7680 0.90 = 6900 Ib per day 
tecycle ratio = Sa/Sr — Sa = 2500/8000 — 2500 
= 0.45 
tecycle flow = 0.45 XK 0.94 = 0.42 mgd 
(The computed recycle ratio assumes no solids in the 
raw waste. The build-up of active solids through the 
aeration system is neglected in the calculation). 


[von 5 


Aeration tanks. A curve may be prepared showing 
BOD loading versus removal efficiency from experi- 
mental data (figure 3). An examination of this curye 
will show the maximum loading factor to maintain 
90 per cent removal efficiency (1.0 Ib BOD per day 
per lb sludge in this problem). Therefore: 

lb BOD applied 24 La 
(day) (Ib sludge) S.T(1 +r) 
24L, _ 24 X 980 
LOS1 +r) 1X 2500(1 + 0.45) 
Volume of aeration tanks 


(Q+R)T — (0.94 + 0.42) 6.5 


24 24 


1.0 (5) 


> OShr (6) 


0.37 mg (7 


If contact stabilization is to be employed, data on the 
storage capacity must be obtained for design of the 
aeration tanks. The stabilization tank required will then 
be the difference between volume of the contact tank 
and the total aeration volume required for the process, 

Air requirements. From laboratory or pilot plant 
studies, a relationship such as shown in figure 2 was 
derived assuming that no storage occurs. 


Ib Ov per day (0.48 X Ib BOD removed per day) 
+ (0.08 K 142 X lb MLYS) (O48 X 6900) + 


(O.08 K 1.42 XK 0.37 XK 8.34 X& 2100) = 4050 Ib (8 
From which rate of oxygen utilization is obtained: 
sii ieaia aii Ib O2 per day 
xyge ilization rate = 4, 
oxygen u ition ra VX 834 X 24 

= 55 ppm perhr (9 
= ede er q v) 
037 X 834 x24. =~ PPM I 


Sludge Production 
From theoretical considerations that the ultimate 
BOD of a waste equals the sum of the oxygen utilized 
and the sludge produced by microbial growth (fig- 
ure 4), the following equation can be developed: 
BOD ultimate removed 
= Oy utilized + sludge produced — (10) 
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Substracting (8) from (10), converting to 5-day BOD 
nits and introducing suitable conversion factors yields 
0.70 X Ib BOD removed per day 

— 0.08 K lb MLVS 
where 0.7 is the fraction of 5-day BOD removed con- 
verted to sludge 


lb VS per day 


(0.70 * 6900) — 520 
1300 Ib per day 
1300 /0.85 5050 Ib per day 


volatile fraction of the sludge. 


total solids produced 
where 0.85 is the 


Nutritional Requirements 


Experimental studies show that the critical nitrogen 


content 7 per cent of the net biological solids: 


0.07 & 4300 
\itrogen available in waste 


fotal nitrogen required 300 Ib per day 
10 Ib per day 


260 Ib per day 


5 ppm 
Required nitrogen 


The phosphorus requirement may be similarly com- 
puted, 
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There is no need for a recitation of figures on the use 
of wood products to emphasize the importance of wood 
in our economy—this is a familiar fact. Much of the 
usage is under exposed conditions conducive to de- 
terioration, particularly biological degradation. Since 
the availability of naturally durable species has dwin- 
dled, the use of nondurable species treated with chemi- 
cals to resist microbiological attack has increased. For 
example, the steady decline in the use of untreated 
poles, and corresponding rise in the use of treated ma- 
terial as reported by Lumsden (1955) and shown in 
figure 1 for the Bell System plant, reflects this trend. 
Similar situations are repeated in other industries and 
government agencies. The interesting fact is that the 
growth of wood preservation has been as an art rather 
than as a science. In recent years, treatment methods 
have changed little if at all, and only two or three new 
chemicals have come into general use in the past 25 
years. This does not imply that there is no room for 
improvement in treatment or chemicals. The situation 
reflects a need for basic knowledge of the complex 
chemical make-up of wood, its breakdown biologically, 
and its protection chemically against wood-destroying 
fungi. 

With a subject as broad as that covered by this paper, 
some sharp boundaries on subject matter are necessary. 
Three areas in particular deserve special consideration: 
(1) 


organisms, and (3) wood-preserving chemicals. The 


accelerated test methods, (2) wood-destroying 
discussion of any one of these items is certain to in- 


volve the others. 


ACCELERATED Test METHODS 


First, it should be pointed out that the discussion in 
this paper on accelerated testing refers specifically to 
determining the relative capability of wood preserv- 
atives in preventing fungus attack. It must be kept 
in mind in any test method designed to evaluate the 
ability of a preservative to prevent such attack that 
performance depends on two factors—toxicity and 
permanence. 

The first more or less standard laboratory test method 

| Presented at the 13th General Meeting of the Society for 
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for wood preservatives was the malt agar, Petri dish 
method as described by Richards (1923) and Schmitz 
(1929). Although the toxicity of a compound could be 
determined by this method, there was no evaluation 
of permanence. This method was followed during the 
1920’s by the agar-block test which was adopted as the 
European standard following an international con- 
ference on wood preservative testing in Berlin in 1930. 
It has remained the European standard to this day but 
has never attained wide popularity in this country, 
In this method, wood blocks are treated with the 
preservative and then exposed to a wood-destroying 
fungus grown on malt agar in a Kolle flask. This pro- 
cedure permits the application of a weathering schedule 
to the treated blocks and actually tests the preservative 
in wood. However, it still makes use of an artificial 
nutrient and the moisture content of the decaying wood 
tends to be somewhat erratic. 

Since the work of the Bell Telephone Laboratories 
with the soil-block method of evaluating wood pre- 
servatives was begun in 1939 and reported by Leutritz 
(1946), the use of the method has spread rapidly. Both 
the Madison, Wis- 
consin and the Bell Telephone Laboratories have 
conducted extensive experiments with this procedure 
from the standpoint of methodology as well as pre- 
servative evaluation. Such studies have been reported 
by Dunean (1953), and Colley (1953). Recently, the 
soil-block method made a tentative standard 
(D 1413 56T) by the American Society for Testing Ma- 
terials. The method consists primarily of treating blocks 


Forest Products Laboratory at 


Was 


of wood to gradient retentions with a preservative and 
exposing the blocks to the action of selected wood- 
destroying fungi grown on small pieces of wood in 5- 
ounce jars half-filled with moist soil. Usually, weather- 
ing of the treated blocks forms an integral part of the 
test procedure. Attack on the treated blocks is measured 
by analyzing weight losses in the blocks following test, 
and by visual inspection. Figure 2 is an example of the 
weight loss curve used to determine the threshold 
point or minimum amount of preservative necessary (0 
protect the wood. The soil-block test has much to 
recommend it over other laboratory test methods; for 
example, (1) soil provides a natural environment for the 
fungus, (2) wood and natural organic debris provide 
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RETENTION OF CREOSOTE AT TREATMENT — POUNDS /CUBIC FOOT 


Fig, 2. Weight loss of ereosoted blocks in soil-block test 
against Lentinus lepideus strain (Madison 534). 


the only source of nutrient, (8) there is good moisture 
balance maintained in the wood during decay, and (4) 
the operation and apparatus required are simple. 

In spite of the tremendous value of the current soil- 
block procedure, it would be foolish to assume that 
there is no room for improvement. A soil-block bio- 


assay, with permanence testing included, takes from 


up the assay procedure. In this regard, considerable 
attention has been devoted to strength tests. Tren- 
delenberg (1940) in Germany has used toughness or 
impact tests as criteria. His data show that impact 
strength of pine wood, exposed to attack by Coniophora 
cerebella for 30 days, may be reduced as much as 80 per 
cent with a corresponding weight loss of only 10 per 
cent. Von Pechmann and Schaile (1950), following 
essentially the same procedure used by Trendelenberg, 
found that the impact strength of pine wood was re- 
duced about 70 per cent in 30 days by Polyporus vapo- 
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rarius With a corresponding increase of 20.4 per cent in 
the solubility in sodium hydroxide, and weight loss 
due to decay of only 7.1 per cent. Mateus (1954) in 
Lisbon, using a small test beam, has followed pro- 
gressive decay by means of deflection measurements. 
He reports a much higher sensitivity for deflection 
measurements than for weight loss. Deflection measure- 
ments increased 100 to 150 per cent or more on Scotch 
pine samples exposed to attack for three months by 
Coriolus versicolor, Poria vaporaria or Lentinus lepideus, 
while weight losses increased only 25 per cent. With 
loss values 


C. cerebella both deflection and weight 


amounted to about 25 per cent. Narayanamurti and 
Jain (1954), in experiments conducted at the Indian 
Forest Research Institute, Dehra Dun, relied upon 
modulus of elasticity and modulus of rigidity in 
torsion to evaluate decay in fir veneer test pieces |) 99 
in xX 'y in x 6 in long. They found the modulus of 
elasticity to be lowered about 15 to 23 per cent, and 
the modulus of rigidity 27 per cent in only 10 days with 
Poria monticola as the test organism. 

The indications are that strength tests as a means of 
evaluating decay are worthy of increased laboratory 
study. Since thin veneers seem to be most desirable for 
this type of work, considerable testing will be necessary 
to determine the extent of specimen matching which 
would be required for replication of results. Also, in- 
formation would be required on preservative  treat- 
ment and distribution in the test samples, behavior of 
various test organisms with respect to their effect on 
strength, uniformity of decay and other similar factors. 

Now that the soil-block test has become fairly well 
established as a test method and standard of com- 
parison, there appear to be new areas available for 
investigation which may make this type of laboratory 
test an even more valuable tool. 

Woop-DestTRoyYING FUNGI 

The discussion of accelerated testing of wood pre- 
servatives leads quite naturally to a consideration of 
the fungi responsible for decay. Although a great deal 
of information has been compiled as to the natural 
occurrence of wood-destroyers and their physiology, 
there is much that remains to be done. 

The selection of test fungi for laboratory evaluation 
of preservatives requires information not only on the 
occurrence geographically of saprophytic fungi, but on 
their tolerance for different kinds of chemicals which 
are employed to preserve wood. A constant program of 
organism isolation from field test specimens and wood 
products from actual service helps provide these data. 
The prompt removal of representative test samples 
from outdoor test plots for isolation purposes when 
decay first appears can be of basic importance in 
establishing the causal organism, and following pro- 
gressive or sequential attack. 


[voL. 5 


TaBLe 1. Fungi tsolated from some test specimens and wood 
products found decaying in Bell Laboratories’ test plots or the 


Bell System plant from April, 1953 to March, 1954 


Preservative No. Samples* Fungus Isolated 


None 1 (w. red cedar) | Coniophora puteana 
1 (hickory) Lenzites trabea 
1 (locust) Porta oleracea 
Creosote 2 Poria monticola 
6 Lentinus lepideus 
2 Lenzites s¢ plaria 
Creosote + petro 1 Porta xantha (un 


leum + pentachlo 
rophenol 


treated area) 


Greensalt (Cr, Cu, 1 
As) 2 


Lentinus le pideus 
Poria xantha 


Celeure (Cr, Cu) Coniophora sp. 


i O) 


5 Coniophora puteana 
1 Paxillus panuoides 
(untreated area) 
50% Creosote + l Lentinus lepideus 
50% petroleum 
Total 29 


* Species of wood is southern pine unless indicated other- 
Wise. 


In recent years, there has been an increasing interest 
in the fungi which cause decay. The Bell Laboratories, 
with the cooperation of the Forest Products Laboratory, 
has embarked upon an extensive isolation and iden- 
tification program involving any wood products found 
decaying in the Bell System. Some typical data from 
this program may be of interest and are shown in 
table 1. As may be noted, L. lepideus is a eritical organ- 
ism on creosoted material or mixtures containing creo- 
sote. It occurs also on wood treated with salt-type pre- 
servatives containing chromium, copper and_ arsenic. 
With a salt preservative containing only chromium 
and copper, Contophora puteana seems to be an in- 
portant fungus. In table 2, where the organisms are 
arranged in decreasing order of occurrence, it can be 
seen that out of 29 isolates, L. lepideus and C. puteana 
account for about 60 per cent of the identifications. A 
total of nine different species of fungi are involved. It 
is recognized that these data are scanty, but they will 
increase in value as the program is continued and more 
isolations are obtained from wood treated with pre- 
servatives other than creosote and metallic salts. The 
value will increase also as the tolerance of these different 
isolates for various preservatives is assayed by labo- 
ratory test. Data of this kind will be of material help 
not only in selecting laboratory test organisms, but as 
an indication of the primary organisms which must be 


controlled by preserving chemicals. 
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TapLE 2. Summary of fungus isolations and identifications from 
Bell System timber products and test specimens, April, 1953 
to March, 1954 


No. Isolates Identification 


Lentinus lepideus 


Coniophora puteana 
Portia xantha 
Coniophora sp. 
Poria monticola 
Lenzites sepiaria 
Lenzites trabea 


Poria oleraceae 


—mie PS NS NS SD 


Paxillus panuoides 


29 

Aside from toxicity considerations, other aspects of 
fungal physiology, particularly the source of nutrients, 
are important. The wood-destroying fungi are natural 
inhabitants of the soil, and their spores are generally 
present in the air. Consequently, the chance of infection 
for wood exposed above or below ground is excellent. 
However, in the case of wood placed in the soil, it may 
be questioned whether it is always purely a matter of 
chance contact with an existing mycelium or an aim- 
lessly advancing mycelium that brings about infection. 

Suolahti (1954), working at the State Technological 
Institute in Helsinki, Finland, has reported on work 
which suggests that certain volatile constituents nat- 
ural to wood actually influence the intensity and direc- 
tion of growth of wood-destroying fungi and certain 
wood-inhabiting molds. He found that green wood had 
little if any effect on the organisms, but that when wood 
was dried the influence could be observed very dis- 
tinctly. Also, the effect persisted even when the wood 
was wetted again after once being dried. The growth- 
promoting substance has the facility of enhancing 
growth in the vegetative stage and suppressing the 
reproductive stage. This is illustrated in figure 3, which 
portrays a test conducted at Bell Laboratories. Lenzites 
lrabea strain (Madison 617) was cultured on malt agar 
with pieces of southern pine sapwood of varying. size 
suspended in the tubes above the organism. The incuba- 
tion time was 18 days. In the tube where there is no 
wood, the fungus has begun to form its characteristic 
abortive fruiting structures. In the center tube, which 
contains a piece of wood about '4 in x 376 in x 1%¢ in, 
there is no tendency toward reproduction and the 
mycelium is thicker and higher in the tube. This effect 
is even more evident in the left-hand tube which con- 
fans a piece of wood about twice the size of that in 
the center tube. Here the mycelium is luxuriant, reach- 
ing in dense folds toward the wood. Tests using blocks 
treated either with creosote or with pentachlorophenol, 
and weathered, have indicated that with treated 
wood the effect persists, but to a lesser degree. Al- 
though Suolahti made attempts to identify the sub- 


stance or substances responsible for the growth-pro- 
moting material, he was able to deduce only that it 
Was in some way associated with unsaturated fatty acids 
in the wood. 

The implication of this kind of research effort can 
only be speculated upon, but it is clearly evident that 
the control of deterioration in wood, as well as the 
testing of fungicides, is definitely dependent upon 
knowing more about the behavior of the organisms 
involved. 


Woopb-PRESERVING CHEMICALS 


No discussion of problems involving the deterioration 
of wood would be complete without some reference to 
preserving chemicals. There is not space in this pres- 
entation to examine the many different factors re- 
sponsible for the efficacy of wood preservatives. Much 
of the more recent research effort in new preservative 
development is aimed at compounds which will com- 
bine chemically with the cellulose. This, of course, 
tends to result in optimum performance with respect 
to permanence. Treatment with copper formate as 
described by Smith (1956), or by cyanoethylation as 





Fic. 3. Effect of southern pine sapwood on growth of Len- 
zites trabea Madison 617. Age of cultures, 18 days. 
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carried out on other cellulose materials as noted by 
Compton (1956), and Gruber and Bikales (1956), are 
two methods of wood preservation being examined 
currently. 

Although new chemicals should be undergoing in- 
vestigation, it must be kept in mind that the treatment 
with presently available preservatives can be extended 
and improved through the accumulation of basic data 
concerning their performance. In many cases, it is un- 
fortunate that there is not more correlation between 
chemical and biological evaluations of preserving chem- 
icals. Generally speaking, the biological assay is a 
lengthy procedure in relation to the chemical assay of a 
material. Yet the goal of the chemical assay, in many 
cases, is to measure biological activity. Better correla- 
tion on these two points might permit the prediction of 
biological activity based on rapid chemical tests. This 
is possible in some cases even with complex preserva- 
tives. Bell 
Battelle Memorial Institute, has been attempting to 


Laboratories, in cooperation with the 
correlate soil-block thresholds for creosote and petro- 
leum oils with a chemical characterization of the same 
materials. The tests are based on the work of Heiks 
et al. (1954) of the Battelle Institute. In the present 
studies, an effort is made to correlate data on the 
8,8’-oxydipropionitrile (ODPN)-insoluble fraction of 
eresote and petroleum oils, with soil-block thresholds 
for the same oils. Typical data are shown in table 3. It is 
quite apparent that with straight coal tar creosote, the 
ODPN-insoluble values are lowest, while with the 
petroleum oils the values are much higher. It is clear, 
too, that as the ODPN-insoluble values increase, the 
threshold values increase. In other words, the pre- 
servative efficiency of these oil-type materials appears to 
decrease with increasing ODPN-insoluble values. There 
are definite indications here of a correlation between a 
rapid chemical test and longer biological assay. Further 
testing of this kind is contemplated since there is 
evidence that a rapid chemical test may serve as an 
indicator of preservative worth. 


TABLE 3. 8,8'-orydiprepionitrile (ODPN) 
soil-block thresholds 


insoluble values vs. 
(conditioned blocks) for creosote and 


petroleum oils 


ODPN 
Oil Insoluble of | Soil-Block Threshold 
Whole Oil 


per cent by wt lbs per cu ft 
Coal tar creosote—vertical 

retort pate 15 3.0 (2.8-3.4 
Coal tar creosote—coke oven 17 5.0 
Coal tar creosote—low temp 

tar 57 5.8 (5.4-6.2) 
79 14.5 (12.4-16.6) 
Petroleum (paraffinic) . . 93 No threshold 


Petroleum (highly aromatic) 


SNOKE 
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SUMMARY 


The need for additional basic research in three specific 
areas relating to wood deterioration has been empha- 
sized. These areas are accelerated test methods, wood- 
destroying fungi and wood-preserving chemicals. Some 
indication of the direction of research along these lines 
has been presented. Strength tests as indicators of decay 
in the laboratory evaluation of wood preservatives 
appear worthy of more concentrated examination. 
Limited data on the identification of fungi isolated from 
timber products indicate the need for more complete 
information on the occurrence and tolerance of wood- 
destroying fungi. The work of Suolahti with respect to 
the effect. of growth-promoting substances in wood on 
fungi suggests a fruitful area of research. Finally, it has 
been suggested that not only the development of new 
chemicals for wood preservation, but efforts directed 
toward better correlation of biological and chemical 
assays of existing preservatives, should be utilized to 
understand more fully and so improve the performance 
of wood in field service. 
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At the present time, great emphasis is being placed on 
short-time, high-temperature thermal processes to 
achieve bacterial destruction without alterations of the 
suspending fluid. A recent problem necessitated the 
reduction of the viable count of suspensions of Serratia 
marcescens and spores of Bacillus subtilis var. niger 
without appreciable change in the physical properties 
of these slurries. It was felt that this could be aecom- 
plished by the use of an instrument developed by Read 
etal. (1956) which is capable of rapid heating rates. This 
isa report of a study on the effect of this type of heating 
on the viable cell concentration and some physical 
properties of these two suspensions. 

The literature on the resistance of spores to heat 
treatment is indeed voluminous, and no attempt will 
be made to give a comprehensive review here. However, 
it is pertinent to mention a few of the more widely used 
techniques for the evaluation of the thermal resistance 
of spores. Among the first of these was the thermal 
death time tube method of Bigelow and Esty (1920) in 
which sealed glass tubes of cell suspensions were heated 
ina water bath. Temperatures ranging from 100 C to 
125 C were used. Esty and Williams (1924) introduced 

‘Contribution No. 1080 of the University of Massachusetts, 


College of Agriculture, Experiment Station, Amherst, Massa 
chusetts. 


the multiple tube technique which was designed to 
avoid the ‘‘skips”’ encountered in the Bigelow and Esty 
technique. Dickson and Burke (1921) devised a method 
to eliminate all possible recontamination of tubes after 
they had been subjected to heat treatment. Magoon 
(1926) introduced the capillary tube method for thermal 
death time determinations of bacterial spores. Water 
bath techniques have been superceded by more elabo- 
rate methods in recent years. A thermal death time can 
method was devised by the American Can Co. (1947) 
whereby samples containing bacterial spores were 
placed in cans, sealed by vacuum, and heated. Schmidt 
(1950) described a miniature retort in which he could 
control the temperature more exactly than previous 
workers. Stumbo (1948) reported an apparatus in which 
samples could be brought to temperature quickly and 
then cooled nearly instantaneously. This instrument 
and the instrument of Pflug and Esselen (1953, 1954) 
were essentially steam chambers into which small 
metal containers containing the sample could be intro- 
duced and ejected with resulting short heating and 
cooling times. The heating range was from 235 to 305 F 
and the exposure time could be as short as 0.6 second. 

Unfortunately, data on the thermal resistance of 
vegetative cells are sparse and conflicting. Data on the 
thermal characteristics of vegetative cells with short 
heating times are especially limited. There appears to be 
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no standard procedure for the evaluation of the thermal 
resistance of bacterial vegetative cells. 

The instrument used in this study was developed by 
Read et al. (1956). It has the following advantages: (1) 
rapid heating which brings the slurry up to the desired 
exposure temperatures in an extremely short time (13 
sec or less); (2) instantaneous cooling; and (3) continuous 
flow of the bacterial suspensions allowing samples to be 
taken at any temperature. 


MATERIALS AND MertrHops 


Description of instrument. Basically, the equipment 
tank and a small-bore 
stainless steel tube. The tank has a capacity of 5 gallons, 
and air pressure is exerted on the fluid in the tank to 
force it through the small bore tube. The air pressure 


consists of a stainless. steel 


can be regulated to give a variation in velocity which 
in turn will produce a change in heating time. In all 
cases, velocities were used which were well within the 
range of turbulent flow as calculated by the Reynold’s 
number, a necessity for uniform heating. 

The fluid, flowing through the tube, was heated by 
heat transfer from the stainless steel tube which was 
heated by electrical resistance. The stainless steel tube 
used in this study consisted of two sections designated 
as the preheat and the heating sections. For S. marces- 
cens, a 10-foot long tube of 0.125-inch outside diameter 
(OD) and 0.062-inch inside diameter (1D) was used. 
The first 5 feet were used as the preheater and the 
second 5 feet as the heater. The preheater was adjusted 
to heat the fluid to 135 F. 
temperature of the fluid entering the heater section. 


This insured a uniform 


A tube of two different sizes was used for B. subtilis 
var. niger. The preheater section consisted of 8 feet of 
0.25-in OD, 0.188-in. ID stainless steel tube. Only the 
first 5 feet of this tube was heated. A final preheat tem- 
perature of 220 F was used in this part of the study. 
The heating tube was 0.125-in OD, 0.062-in ID and 
2 feet long. Final preheat and heat temperatures were 
determined by thermocouples. 

This instrument is capable of heating liquid slurries 
from refrigeration temperatures to 340 F in as little as 
(0.1 second. The technique used in the present study was 
based on “‘come-up time’’; that is, the slurries were 
heated to a given final temperature and cooled immedi- 
ately without any holding time at that temperature. 
For a more complete description of the instrument see 
Read et al. (1956). 

Treatment of 


suspensions of Serratia 


marcescens. 
SUK, were 
prepared. Following growth in liquid culture, the cells 
were concentrated by centrifugation and the concen- 
trate quick-frozen by extrusion of droplets into a 
low-temperature Freon bath. The pellets were stored on 
dry ice until used. The frozen pellets were diluted and 


Frozen pellets of S. marcescens, strain 
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homogenized with a Waring blendor in the gelatin phos. 
phate diluent. Plate counts were made on peptone agar, 
The suspension was adjusted to contain approximately 20) 
xX 10° viable cells per ml. Following heat treatment, 
samples of approximately 100 ml were collected jy 
flasks containing glass beads previously cooled on dry 
ice. The temperature of the suspension collected in the 
flask was at all times below 135 I as determined by 
thermocouple measurement. Since the temperature in 
the collecting flask was never above 135 I, the lethality 
of the cooling cycle was considered to be negligible. 
Tests for sterility of the treated suspension were per. 
formed by making plate counts of each sample on 
peptone agar. At least ten replicate runs were made to 
establish the required treatment conditions. 

Treatment of suspensions of Bacillus subtilis var. niger 
spores. Frozen pellets, prepared in the same fashion as 
those of S. marcescens, were diluted with the gelatin 
phosphate diluent to a viscosity of approximately 15 
centistokes and a viable spore concentration of 55 x 
10° per ml. Since the thermal resistance of the spores of 
B. subtilis var. niger is such that temperatures con- 
siderably above the boiling point of the diluent must 
be used to obtain a sterile suspension, the heating tube 
was modified by the addition of a 10-foot stainless steel 
condensing coil immersed in an ice bath. This ensured 
fluid samples. The suspension was then subjected to the 
heat treatment, cooled by passing through the con- 
densing coil and collected in flasks containing glass beads 
precooled by dry ice. Tests for sterility were carried out 
by making plate counts of each sample on tryptose agar 
At least ten replicate runs were made to establish the 
required treatment conditions. 

Biological and physical measurements. The following 
methods were used to determine the effect of the heat 
treatment on the suspensions, 

Total cell count. The samples were diluted in distilled 
water to a concentration of approximately 25 X Il! 
cells per ml. To 10 ml of this dilution, 2 drops of 2 per 
cent aqueous solution of crystal violet were added. The 
dye suspension was allowed to stand for 10 min, and 
then a small amount was placed in the chamber of 3 
hemocytometer. After allowing the slide to stand for 3t 
min in order to settle the cells, the number of cells ind 
fields was counted, averaged, and the total cells per m 
calculated. 

pH. A Beekman Model B pH meter was used t 
determine the pH before and after treatment. 

Specific gravity. Specific gravity was measured usil 
a Westphal balance. 

Viscosity. It is impossible to measure accurately tht 
viscosity of fluids containing suspended clumps @ 
bacteria. For purposes of comparison, however, 
Ostwald-Fenske? viscometer was used for S. marcescens 


2 Available from Fisher Scientifie Co., New York, N. Y. 
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and was calibrated with triple distilled water in a con- 
sant temperature bath (tolerance + 0.2 C). After 
reaching temperature, the efflux time for the water was 
measured by ten readings of flow with a variation of 
not more than 0.1 see in five determinations. 

The determinations were averaged and the calibration 
constant calculated as V = Ct or C = V/t; where V = 
kinematic viscosity in centistokes (for water), t = 
efflux time in sees, and C = calibration constant of the 
pipette. 

For B. subtilis var. niger, a 200-series Ostwald-Fenske? 
pipette was used and calibrated by the above procedure 
wing U. S. National Bureau of Standards Oils D-9, 
H-9, and K-11. The viscosity of the slurry was ob- 
tained by measuring the efflux time in the manner de- 
seribed for the calibration procedure. 

Surface tension. Measurement of surface tension was 
made using a Cenco-DuNouy Tensiometer. 

Total solids. A special apparatus was developed for 
the measurement of total solids. It consisted of a water 
bath set at 50 C (tolerance + 1 C) into which a desic- 
cator Was placed. A vacuum pump was attached to the 
desiccator and the latter evacuated to less than 0.1 mm 
Hy. The samples were deposited in 25-ml Erlenmeyer 
flasks that had previously been chemically cleaned and 
heated to a constant weight. Five ml of sample was 
added to each flask, weighed, placed in the desiccator 
and dried for 20 to 22 hr, and reweighed. 

RESULTS 

Serratia marcescens. By controlling the velocity of 
the fluid, the suspension was given a heat treatment in 
the form of come-up time of 0.33 see to 176 F with no 
holding time and instantaneous cooling. Under these 
conditions, the suspensions of S. 
The heat. sterilization on the 
properties of the suspension are shown in table 1. 

Bacillus subtilis var. niger. The velocity of flow of the 
suspension was regulated so that the fluid passed 
through the stainless steel tube in 0.14 sec. Physical 
property determinations made on suspensions treated 


marcescens were 


sterilized. results of 


ut300 I final heating temperature indicated an increase 
in viscosity. Under these conditions sterility of the 
spore suspension Was not obtained. However, the viable 
tells were reduced to a negligible concentration; from 
» X 10°’ spores per ml to 35 spores per ml. While the 
Viscosity Was increased by treatment, other physical 
properties were not changed. The results of heat treat- 
ment at 300 IF for 0.14 sec on the properties of the spore 
Suspensions are contained in table 2. 

At heating temperature of 340 F for 0.14 see the 
B. subtilis var. niger suspension was sterilized. However, 
the viscosity of the slurry was increased approximately 
twofold. For this reason, the temperature was not 
investigated in detail. 


TABLE 1. 


RAPID HEAT TREATMENT OF BACTERIA 
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Comparison of the properties of a heat treated* and an 


unheated suspension of Serratia marcescenst 


Property 
Sterility testt.....| 


pH. 

Total cell concen- 
tration... 

Total solids. . 

Surface tension. 

Specifie gravity... 

Viscosity 


Heat Treated 


Sterile 


7.10 


3.4 & 10" cells/ml 
0.00798 g/ml 

40.7 dynes/em? 
1.002 

0.8177 centistokes 


Unheated 


2 X 10" viable 
cells/ml 
7.18 


2.4 < 10" cells/ml 
0.00797 g/ml 

41.2 dynes/em? 
1.002 

0.8087 centistokes 


* 0.33 see to 176 F. 
7+ Suspending medium: gelatin, 2 g; Nas»/HPO,-12H.0, 
5.6 g; in 1000 ml of distilled water, pH adjusted to 7.0. 

t Plating medium: Wilson’s peptone, 20 g; glucose, 5 g; 
NaCl, 5 g; agar, 20 g; in 1000 ml of distilled water, pH adjusted 
to 6.8-7.2. 


TABLE 2. Comparison of the properties of a heat treated* and an 
unheated suspension of Bacillus subtilis var. niger 
Physical Property 


Heat Treated Unheated 


Sterility testT 35 viable cells/ml 55 X 108 viable 
cells/ml 

pH «| doe Tan 

Total cell concen- 
tration . 

Total solids 


Surface tension 


34 X 10 cells/ml 
0.3290 g/ml 

41.8 dynes/em? 
1.080 

2.0091 centistokes 


36 X 10! cells/ml 
0.3294 g/ml 

43.8 dynes/em? 
1.080 

1.4470 centistokes 


Specifie gravity. 
Viscosity 

* 0.14 see to 300 F. 

7+ Plating medium: Bacto-tryptone, 20 g; glucose, 1 g; 


NaCl, 5 g; agar, 15 g; thiamine hydrochloride, 0.005 g; in 1000 
ml of distilled water, pH 6.9. 


DiIscUSSION 


Concentrated suspensions of S. marcescens can be 
sterilized by an instrument developed by Read et al. 
(1956) without appreciable change in physical proper- 
ties such as viscosity, pH, total solids, surface tension, 
and specific gravity. Temperatures high enough to 
reduce the concentration to a negligible amount or 
produce sterility of concentrated slurries of B. subtilis 
var. niger increased the viscosity of the slurry. However, 
pH, total solids, surface tension, and specific gravity 
showed no appreciable change. Since the S. marcescens 
cells and B. subtilis var. niger spores can be sterilized 
in less than 0.5 sec, it appears that short heating times 
are practical for the sterilization of both vegetative 
cells and spores. This suggests other applications where- 
in it is necessary to free a fluid of bacterial contamina- 
tion without significantly changing certain of its 
physical properties. 

Preheat temperatures of 135 and 220 F for S. marces- 
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cens and B, subtilis var. niger, respectively, were not 
lethal as shown by a comparison of plate counts made 
before and after heating. 

In general, the theories of cellular death involve 
2a hypothetical series of both surface and internal 
changes influenced by several factors (Rahn, 1932). The 
total cell concentration of the S. marcescens apparently 
was slightly increased after the heat treatment. This 
phenomenon may be an artifact resulting from changes 
in affinity of the cells for dye: (1) the cell wall was so 
altered as to increase the amount of dye entering the 
cell, thus making the cell more easily detectable under 
microscopic examination; or (2) the protein could have 
been altered by heat treatment so that it staimed more 
deeply. At any rate, the cells were stained more in- 
tensively and therefore were more readily detected 
after heat treatment. Since total cell concentrations 
were determined on unheated samples exposed to the 
turbulent flow in the heating tube, the difference could 
not be attributed to the breaking up of clumps caused 
by turbulence. 

A comparative study of the chemical and cellular 
properties of the live and heated cells should be under- 
taken in an attempt to clarify this observation. 


SUMMARY 


Concentrated suspensions of Serratia marcescens can 
be sterilized with a “come-up time” of 0.33 second and a 
final temperature of 176 F when a gelatin phosphate 
diluent is used as a suspending fluid. This can be 
accomplished with only minor changes in’ certain 
physical properties (viscosity, pH, total solids, surface 
tension, and specific gravity). Suspensions of Bacillus 
subtilis var. niger were reduced to a negligible viable 
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concentration by a “come-up time” of 0.14 second and 
a final temperature of 300 T°. The same physical prop. 
erty determinations were carried out as with S, may- 
cescens. No significant changes of these properties were 
found with the exception of increased viscosity. 
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The bulk of the glycerine used in industry is obtained 
asa by-product of soap manufacture by hydrolysis of 
fats; however, the synthetic process from propylene 
recently developed by the Shell Chemical Corporation 
snow making an important contribution towards the 
total supply. This process has been described by Miner 
and Dalton (1953). Since World War II, it has been 
evident that glycerine demand is tending to outstrip 
production from saponification of fats. The main factors 
which have led to this situation are the increasing 
demand for glycerine for production of explosives, tex- 
tiles, transparent paper (cellophane), paints, and so 
forth, and the impact of the synthetic detergent in- 
dustry upon soap production. The work described in 
this series was part of a program which involved de- 
velopment to a pilot plant seale of a process for glycerol 
production by fermentation and isolation of the product 
irom the fermented liquor undertaken by the Nobel 
Division of Imperial Chemical Industries Limited. 

Glycerine was first reported as a minor product of 
yeast fermentation of sugars in 1858 by Pasteur who 
observed that it was present in wines and beers to the 
extent of 2.5 and 3.6 per cent of the sugar fermented. 
lollowing the fundamental work of Neuberg and Rein- 
futh (1918, 1919) on the mechanism of alcoholic fer- 
mentation of sugars in the presence of sulfites and the 
independent application of the process by Connstein 
and Liidecke (1919) to the commercial scale production 
of glycerine from beet sugar in Germany during World 
War I (Protol process), developmental work on_re- 
covery of glycerol from fermented liquors has been 
carried out in Britain, in the United States and else- 
where at intervals since 1920. The use of a mixture of 
sulfite and bisulfite instead of sodium sulfite as the 
steering reagent was introduced by Cocking and Lilly 
(1921), and a further patent was filed in 1931 (Im- 
perial Chemical Industries Limited and Lilly, 1931). 
The sparingly soluble sulfites of calcium and magnesium 
have been recommended as steering reagents in order 
(0 restrict the quantities of inorganic impurities in the 
lermented liquor (Fulmer et al., 1945; Underkofler et al., 
I95la, b). The use of mixtures of ammonium sulfite 
and bisulfite was also suggested by Fulmer et al. (1941) 
48 a means of simplifying the recovery process, but 


later work by these authors showed that the fermenta- 
tion was unsatisfactory in the presence of ammonium 
salts (Underkofler et al., 195la). 

A fermentation process for glycerol based on Neu- 
berg’s third form of fermentation was described by 
Koff (1918) and Koff et al. (1919). In this process yeast 
fermentation of sugars takes place in the presence of 
about 30 per cent of sodium carbonate, based on the 
weight of fermentable sugar. So far as is known this 
procedure was never developed to a commercial scale. 

There are numerous reviews on production of glye- 
erine by fermentation. They include the work of Pres- 
cott and Dunn (1949), a recent review by Underkofler 
(1954) and a series of abstracts of articles and patents 
by Whalley (1942). An important new development in 
this field is concerned with the production of glycerol 
by osmophilic yeasts in the absence of steering reagents. 
Glucose concentrations up to 29 per cent were fermented 
in about 10 days with production of glycerol and p- 
arabitol in yields of 32 and 17 per cent respectively, 
in terms of glucose utilized (Spencer, 1955; Spencer 
and Sallans, 1956; Spencer et al., 1956). Another fer- 
mentation of glucose leading to glycerol (together with 
2,3-butyleneglycol), in the absence of steering re- 
agents, proceeds in the presence of Ford’s strain of 
Bacillus subtilis (Neish et al., 1945). 

In this paper experiments on the effect of variables 
on the kinetics of fermentation and yields of products 
in the sulfite fermentation of sugars are described. 
These variables include sulfite dosage and sulfite con- 
centration, initial sugar concentration, temperature, 
aeration, pH, and yeast strain. In later papers in this 
series, studies on (a) the effect of sulfite on yeast growth, 
yeast viability, rate of fermentation and other factors 
(Freeman and Donald, 1957a), and (b) the effect of 
yeast strain and other variables on the kinetics and 
yields of products of fermentation of sugars in the 
presence of alkalis (Freeman and Donald, 1957b) are 
described. 


EXPERIMENTAL METHODS 
Fermentation Vessels 


Fermentations were carried out in cylindrical stain- 
less steel tanks (25 em. id. by 40 em high) of about 12 L 
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capacity. A stainless steel lid was attached by 4 screws 
and was fitted with a rubber gasket to ensure gas 
tightness. The lid was fitted with 2 glass inspection 
ports and carried a paddle-type stirrer. A gas inlet 
tube entered the vessel through the lid and was pro- 
vided with a cotton wad filter and sintered glass dis- 
perser (Aerox'). Effluent gases were allowed to escape 
through an outlet tube, plugged with cotton. Before 
sterilization by passage through the cotton filter, gas 
entering the vessel was passed through a Rotameter? 
flow-meter, calibrated to measure flows in the range of 
5 to 100 L/hr. 


from a measuring cylinder through the effluent) gas 


»< 


Sulfite additions were normally made 


port and were accompanied by vigorous mechanical 
stirring of the fermenting liquor. The fermentation 
vessels were immersed in electrically heated, thermo- 
statically controlled water baths with the liquid levels 
inside and outside the fermentors approximately equal. 

The preferred process, developed in the course of the 
work, is described below. Variations of the standard 
procedure are stated in the relevant experiments. 
Preliminary experiments showed that pure culture 
conditions were unnecessary after sulfite addition had 


begun. 


Preparation of Inoculum 


A culture medium of beer wort (sp gr 1.050; pI 6.0; 
100 ml) was sterilized by autoclaving (15 lb /sq in for 
20 min), cooled, inoculated from a stock culture of the 
desired yeast strain and incubated for 1 to 3 days at 
35 C with moderate aeration with air. At the end of 
this period, the cell count was 100 X 10° cells per mi. 

The main inoculum medium (680 ml) was prepared 
from diluted Cuban blackstrap molasses and contained 
initially 5 ¢/ 100 ml of reducing sugars as invert sugar. 
It had the following composition: Cuban  blackstrap 
molasses, LOO g; sodium carbonate (NasCOs), 1 g@; diso- 
dium hydrogen phosphate, 2.2 g; ammonium sulfate, 
1.3 g; and water to 1000 ml; pI 6.7. The medium was 
sterilized by autoclaving, inoculated from the beer wort 
culture (20 ml to 680 ml) and incubated for 24 to 36 
hr at 35 C with moderate aeration with air. At the end 
of this period, the culture contained approximately 
200 X 10° yeast cells/ml. The preferred yeast strain, 
B.71 in the laboratory collection, was obtained in 
March, 1950, from an industrial alcohol distillery. This 
culture was “aeclimatized”’ to tolerate a concentration 
of 6.6 ¢/100 ml (as NasSO;) of sodium sulfite-bisulfite 
solution at pH 6.7. 


Preparation of Fermentation Medium 


The Cuban blackstrap molasses used in this work 
had the following composition: total copper reducing 


' Aerox Limited, Glasgow, Scotland 
2 Rotameter Manufacturing Co., Ltd., Croydon, Surrey, 


england. 
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substances as invert sugar, 53.5; unfermentable copper 
reducing substances as invert sugar, 3.6: and organic 
impurities (by difference), 15.4 per cent. 

The fermentation medium had the following compo- 
sition: Cuban blackstrap molasses, approx. 450 ¢: 
anhydrous sodium carbonate, approx. 5 g¢; disodium 


hydrogen phosphate, 2.5 ¢; ammonium sulfate, 14 g: 
and water to make 1000 ml; pH 6.8. The molasses was 
dissolved in tap water and sufficient sodium carbonate 
solution (16 per cent, wt/vol) added to adjust the pH 
to 6.8. The concentration of molasses was adjusted so 
that the initial reducing sugar concentration (as invert 
sugar) of the fermentation medium, after addition of 
the inoculum was 20 to 22 ¢/100 ml. The fermentation 
vessels contained 7 L of medium. Each vessel, com- 
plete with stirrer and air filter, was pasteurized by 
steaming at 100 C for 45 min. Fermentations were 
normally carried out in sets of four. 


Sulfite Solutions 


Sulfite addition to the fermentations was either in 
the form of sodium sulfite or a mixture of sodium sul- 
fite and sodium bisulfite. The stock solution of the 
former contained 30 g/100 ml of NasSO; and its pH 
was 9.2 to 9.4. Mixed sulfite solution was prepared (a) 
by passage of sulfur dioxide into a hot solution of 
sodium carbonate (26 ¢/100 ml) until the pl fell to 
pil 6.7 or (b) by mixing the appropriate quantities 
of sodium sulfite and sodium bisulfite, as follows: 
NawsO;, 236 ¢; NallSO;, 62, ¢; and water to 1000 ml; 
pll 6.7. 
sulfite and bisulfite than the approximately 80:20 miy- 


In some experiments other proportions of 


ture as above, for example 50:50, were used. Sulfite- 
bisulfite mixtures with a total sulfite concentration of 


25.7 ¢/100 ml as NasSO; equivalent had a pl< of 6.1. 


General Fermentation Technique 


Keach fermentation vessel was inoculated with 700 ml 
of inoculum culture. After inoculation the fermentation 
medium was mechanically stirred and aerated with air 
(30 L/hr, approximately 4 vol/vol/hr) for 30. min to 
promote yeast growth. After a further period of 3 to 
{ hr, vigorous fermentation had been established, the 
pH value had fallen to 6.0 and the hemocytometer 
cell count had risen to about 30 * 10° cells/ml. Sulfite 
additions were then begun in portions of approximately 
1 per cent by volume of the fermenting liquor (initially 
70 ml; later 100 ml) of the 30 ¢/100 ml solution (as 
NaSOs;), equivalent to approx. 0.3 ¢/100 ml NasSOs 
equivalent in the fermentation medium. After each 
sulfite addition, visible fermentation was inhibited for 
a period and the fermentation was allowed to become 
vigorous again before a further addition was made. The 
interval between successive sulfite additions was nor- 
mally 30 min to 1 hr. In order to reduce to a minimum 
the time of exposure of the yeast culture to sulfite- 
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yjsulfite mixtures at low pH values (which have a 
markedly toxic effect) the first 4 to 6 additions were of 
adium sulfite solution (pH 9.2). When the pH of the 
fermenting medium had been restored by this means to 
(6, subsequent additions were of sulfite-bisulfite mix- 
jue (pH 6.7). These additions were continued until 
the desired sulfite equivalent concentration (usually 
30 to 3.5 g/100 ml) was reached. This level was then 
maintained by the periodic addition of sulfite solution, 
as required, until the desired total quantity (usually 
() per cent of the total fermentable sugar) had been 
added. During the period of sulfite addition the pH of 
the fermenting medium remained fairly constant within 
the range 6.7 to 7.0 until the sugar concentration had 
fallen to about 5 @/100 ml, after which there was a 
further rise to pH] 7.1 to 7.4 during the final slow phase 
of fermentation. 

Addition of sulfite was normally complete after 27 to 
33 hr from inoculation and fermentation was complete 
in approximately 120 hr. Determination of reducing 
sigar Was carried out at intervals for observation of 
the progress of fermentation. The yields of fermentation 
products were calculated as a percentage of the fer- 
mentable sugar present. The latter was determined by 
yeast fermentation in the absence of sulfite as described 
by Donald et al. (1953). The fermentation temperature 


was 35 C. 


Analytical Methods 


pH determinations were made by the glass electrode 
method with a Cambridge pH meter.* Sulfite concen- 
trations in fermentation liquors and steering reagent 
solutions were determined by iodimetric titration in 
the presence of an excess of hydrochloric acid. Results 
are expressed throughout in terms of sodium sulfite 
equivalents. Non-sulfite, iodine reducing substances 
were also present in molasses fermentation liquors. A 
‘sulfite’ determination carried out on a typical fermen- 
tation liquor before inoculation gave an apparent 
sodium sulfite equivalent (as NasSOs3) of 0.32 g/100 ml. 
Xo correction has been made for this since it was not 
known how the quantities of iodine reducing substances 
varied during the fermentation. Reducing sugars 
were determined by a Fehling-Soxhlet-permanganate 
method. Proteins and suspended matter were removed 
by treatment with a slight excess of neutral lead acetate 
solution and the excess lead precipitated as lead oxalate. 
Any sucrose present in the clarified filtrate was inverted 
by heating with hydrochloric acid and the reducing 
sugars determined as invert sugar by a combination of 
the methods of Munson and Walker (1906) and Ber- 
trand (1906). Cuprous oxide precipitated under the 
conditions specified by Munson and Walker was filtered 
of, washed, redissolved in ferric sulfate solution and 


*Cambridge Instrument Co., Ltd., London, England. 


determined by titration with potassium permanganate. 
A small blank value on the reagents was deducted from 
the titers. The procedure for clarification and removal 
of proteins in the case of another molasses fermentation 
has been described in detail by Freeman and Morrison 
(1946). 

Determination of glycerol in fermented liquors is a 
difficult problem which has only recently been satis- 
factorily solved. In the analytical methods used by 
earlier workers, attempts were made to separate glyc- 
erol from organic impurities derived from molasses 
either (a) by solvent extraction or (b) by distillation. 
Solvent extraction methods such as acetone extraction 
followed by determination of total acetyl value tend 
to give high results owing to incomplete elimination of 
hydroxylic impurities. Methods based on separation of 
glycerine by distillation give low results due to its low 
volatility. The method used for the bulk of the present 
work, a kerosene distillation method, developed in 
1938 by our colleagues R. A. Walmesley and R. H. 
Mathew and privately communicated to the authors, is 
based on the following three steps: (a) extraction of a 
weighed amount of sample, mixed with sodium sulfate, 
by means of hot acetone, (b) removal of acetone and 
separation of the glycerol by distillation in the presence 
of kerosene and (c) extraction of glycerol from the 
distillate with water, and its determination by oxida- 
tion with potassium dichromate. In order to determine 
the accuracy of this method when applied to fermen- 


” 


tation liquors, a series of “‘synthetic” samples was pre- 
pared by addition of pure glycerol and sulfite-bisulfite 
liquor to molasses fermentation liquors prepared by 
normal alcoholic fermentations in the absence of sulfites. 
A small quantity of glycerol was formed in this fer- 
mentation, approx. 1.0 g/100 ml, and corrections were 
made for it. The “synthetic” samples were prepared 
as follows: Cuban blackstrap molasses was diluted 
with water and inoculated with yeast as described 
above so that the initial reducing sugar concentration 
after inoculation was 22 ¢/100 ml as invert sugar. 
Fermentation at 35 C took place for 5 days. The initial 
pH in this experiment was pH 5.0. The yeast was re- 
moved by filtration and to the fermented solution 
(350 ml) was added 30 per cent (wt/vol) sulfite-bisulfite 
solution (pH 6.7) (100 ml), and an accurately weighed 
quantity of pure glycerol (20 g). The mixture was 
diluted to 500 ml. Glycerol concentrations, calculated 
on this basis and found by the kerosene distillation 
method, in a series of “synthetic” samples, are tabu- 
lated in table 1. In calculating the concentration of 
glycerol present, a value for the glycerol formed in the 
ethanolic fermentation liquor of 0.96 g/100 ml was 
found by the kerosene distillation method and added 
to the known quantity of pure glycerol. Column 2 in 
the table gives the calculated glycerol values obtained 
in this way. The experimental value by the kerosene 
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distillation method was 7 per cent low on this basis. On 
the assumption, which may not be strictly true, that 
the error was constant irrespective of glycerol concen- 
tration or ratio of impurities to glycerol, the value of 
0.96 ¢/100 ml was increased by 7 per cent to give 1.03 
g/100 ml as the glycerol produced by fermentation and 
the total glycerol content of the ‘“‘synthetic’’ samples 
correspondingly increased (column 3). On this basis, it 
was concluded that, on the average, the kerosene 
distillation method gave results on sulfite fermentation 
liquors which were 8.2 per cent low. Except where 
otherwise stated, the analytical data quoted below 
(obtained by the kerosene distillation method) are 
uncorrected. 

With correction by the above factor, the kerosene 
distillation method can be relied upon to give accurate 
and consistent values for glycerol content of sulfite 
fermentation liquors. When large numbers of analyses 
were necessary, however, the method proved to be 
laborious and time consuming and, during the course 
of the present investigation, work was in progress in 
this laboratory on alternative methods for glycerol 
determination in fermented liquors. This led to the 
development of a chromatographic-periodate method 
by Sporek and Williams (1954). In principle this method 
is similar to that of Neish (1950), in which glycerol in 
milligram amounts was separated from the impurities 
present in fermentation liquors by chromatography and 
determined by a colorimetric procedure. Sporek and 
Williams showed that the glycerol values found for a 
series of 9 sulfite fermentation liquors from Cuban 
blackstrap molasses were in good agreement with the 


TABLE 1. 
tion liquors by the kerosene distillation method 


Determination of glycerol in “synthetic”? fermenta 


Known quantities of glycerol and sulfite-bisulfite were 
added to ethanolic fermentation solutions from blackstrap 
molasses to simulate the product of the sulfite fermentation. 


Calculated Glycerol 


Concentration Error 
(1) (2) Glycerol 
R Pee gl Based on _|Based on cor-|Concentra 
eee ere uncorrected | rected value Found As com- | As com- 
value for (X 1.07) for ound |pared with pared with 
glycerol in glycerol in (1) (2) 
fermented fermented 
liquor liquor 
2/100 ml g/100 ml g/100 ml % % 
B12/41/1 1.76 1.8] 4.49 —5.7 —6.7 
2 1.8] 1.86 1.47 —7.1 —8.0 
3 +. 80 4.85 1.45 —7.3 —8.3 
4 1.10 4.15 3.90 —4.9 —6.0 
5 5.21 5.26 1.94 ~5.2 —6.1 
B32/14/1 4.24 1.28 3.94 —7.1 —8.0 
2 1.51 :.55 1.16 —7.9 —8.6 
3 1.47 $.5] 3.99 —10.7 | —11.5 
1 4.82 1.87 1.37 -9.3 | —10.3 
5 1.05 4.10 3.76 -7.2 —8.3 
Mean error ; —7.2 —8.2 


[VOL. 5 


corresponding results by the kerosene distillation 
method, after the latter had been corrected by the 
factor 1.07. Similarly, a fermentation liquor prepared 
from Cuban blackstrap molasses by the method of 
Koff et al. (1919) gave uncorrected values for glycerol 
by the kerosene distillation method of 3.1, and 33 
per cent and values of 3.4 and 3.4 per cent by the 
chromatographic method. The corrected value for the 
kerosene distillation method (3.46 per cent) is in good 
agreement with the chromatographic data. 

As a preliminary step in determination of acetalde- 
hyde and ethanol in fermented liquors, acetaldehyde 
was liberated from the acetaldehyde sodium bisulfite 
complex by addition of the theoretical quantity of 
barium chloride to precipitate free sulfite, and an ex- 
cess of caleium carbonate. The mixture was distilled 
in a current of steam and the volatile components were 
condensed in a long spiral tube cooled in ice. Acetalde- 
hyde and ethanol were determined in the distillate, the 
former by Ripper’s (1900) method and the latter by 
oxidation with excess potassium dichromate (Janke and 
Kropacsy, 1935); in the ethanol determination a cor- 
rection was made for the known acetaldehyde content 
of the sample. 

Yeast cell counts were determined by the hemocytom- 
eter method. This procedure was rapid and in general 
satisfactory, although it was found that lengthy expo- 
sure to sulfite solutions caused clumping of the cells 
which made accurate counting difficult in certain cases. 


Li’ ffect of Variables on Kinetics of Fermentation 
and Yields of Products 


(a) Effect of sulfite dosage and concentration. A series 
of fermentations was carried out with sulfite dosages 
ranging from 5 to 50 per cent (based on fermentable 
sugar). A maximum free sulfite concentration of 3.0 to 
3.5 ¢/100 ml was established in the fermenting liquor 
in the experiments with sulfite dosages of 25 to 50 per 
cent. When the dosage was less than 25 per cent cor- 
respondingly lower maxima were reached. The relation- 
ships between yields of glycerol, acetaldehyde, ethanol, 
and acetic acid and sulfite dosage are plotted in figure |. 
This figure includes a theoretical curve for acetalde- 
hyde yield, (glycerol yield — acetic acid yield X 184/60 
14/92, on the assumption that glycerol not formed by 
Neuberg’s third form of fermentation is stoichio- 
metrically related to acetaldehyde production. Glycerd! 
determinations were by the chromatographic-periodate 
method. Data for glycerol and acetaldehyde yields a! 
sulfite dosages of 75 and 150 per cent from Neuberg and 
Reinfurth (1918) are included in the figure. Within 
the 25 to 50 per cent range of sulfite dosage, fermen: 
tation time (5 days) was not significantly influenced. 


In a further series of fermentations, the maximul 
free sulfite concentration in the fermenting liquor Wa 
varied from 2.0 to 5.0 g/100 ml at a constant sulfite 
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dosage of 43 per cent. The lower sulfite concentrations 
were reached early in the fermentation but the highest 
concentrations were attained only for a short time near 
the end of the period of sulfite addition. There was an 
increase of glycerol yield from 22.3 to 25.6 per cent of 
the fermentable sugar when the maximum free sulfite 
concentration was increased from 2.0 to 4.0 ¢/100 ml. 
Fermentation time also increased with increase of 
maximum free sulfite concentration. It was concluded 
that the most satisfactory maximum sulfite concen- 
tration was 3.5 ¢/100 ml. 

(b) Effect of pH of sulfite solution. pH changes during 
fermentation. At the end of the “prefermentation”’ 
period, when addition of sulfite was begun, the pH of 
the fermenting liquor was about pH 6.0. As the toxic 
effect of sulfite-bisulfite solutions is markedly enhanced 
at low pH values because of the greater proportion of 
bisulfite present, it was found necessary to restore the 
reaction to about pH 6.7 as rapidly as possible in order 
tominimize toxic effects on the yeast. 

When the initial additions of steering reagent were in 
the form of sodium sulfite (pH 9.2) or sodium carbonate 


solution (30 per cent wt/vol) instead of sulfite-bisul- 
fite (80:20; pH 6.7) a more vigorous fermentation was 
obtained and the total time was reduced; the yield of 
products was unaffected. When sodium sulfite solution 
(pH 9.2) was used as steering reagent throughout the 
fermentation, there was no significant effect on the 
yields of products as compared with fermentations in 
which a sulfite-bisulfite mixture (pH 6.7) was used. In 
spite of the difference in pH values of these solutions, 
when equilibrium was established there was little effect 
on the pH of the fermenting liquor owing to the buffer- 
ing effect of carbonates derived from fermentation 
carbon dioxide, organic impurities in the molasses and 
other components of the fermenting liquor. Thus the 
final pH of the fermented liquor was pH 7.3 when 
sodium sulfite was used as steering reagent as compared 
with a mean pH range of 7.1 to 7.4 in the case of a large 
number of mixed sulfite fermentations. 

Details of pH changes in the fermenting liquor under 
various conditions of fermentation are summarized 
in table 2. 

The effect of sulfite-bisulfite solutions of pH 6.0 
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SULPHITE DOSAGE 


(PERCENT OF FERMENTABLE SUGAR) 


Fig. 1. Effect of variation of sulfite equivalent dosage on yields of products in the mixed sulfite fermentation of molasses. Fermen- 


tations were carried out by the standard method 
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(approx. composition: NasSO;, 45 parts; NaHSOs, 55 
parts) and pH 6.3 (approx. composition: NasSO;, 64 
parts; NaHSOs;, 36 parts) was investigated in experi- 
ment 56 (table 3); the pH of the fermenting liquors was 
restored to pH 6.7 by means of sodium sulfite solution 
(pH 9.2). The use of these steering reagents had no 
appreciable effect on the yields of products in terms of 
sugar fermented, and the toxic effect of the higher bisul- 
fite concentrations Was shown in the lowered reducing 
sugar attenuations and greatly increased fermentation 
time. For comparative purposes, the mean values from 
representative mixed sulfite fermentations are also sum- 
marized in table 3. 

(c) Effect of mode and time of initial sulfite addition. 
Addition of sulfite solution was normally begun as soon 
as vigorous fermentation was visible. Some difficulty 
Was experienced in determining this point precisely and, 
as premature addition of sulfite considerably retarded 
fermentation, an experiment was carried out to deter- 
mine the effect of a delay of 3 hr in making the initial 


TABLE 2. 


Experimental Conditions. Steering Reagent Used for: 
Experiment 
0. 
Initial additions to restore pH to 6.7 


Na2SO;, pH 9.2 NadSO;, pH 9.2 


l NaeSO;, pH 9.2 
NaoCO; 


wo O° 
we 
©) 


28/1 Mixed sulfite, pH 6.7 


Remainder of additions 


Mixed sulfite, pH 6. 
Mixed sulfite, pH 6. 
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pH Changes during the course of fermentations in the 
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addition of sulfite. In four parallel fermentations, initia] 
sulfite additions were made 0, 1, 2, and 3 hr after Vigor- 
ous fermentation was first observed. There was yo 
effect on the yields of products. 

In experiments 58/3 and 4, sulfite-bisulfite solution 
(pH 6.7) was added continuously instead of at approxi- 
mately hourly intervals, the rate being adjusted so that 
addition was complete in the normal period of 30 hr 
from inoculation. In spite of the lower free sulfite eon. 
centrations reached (maxima 2.7 and 2.1 ¢/100 mi. 
respectively) especially in the early stages, the glycerol 
yields (mean 25.0 per cent) were normal. The time of 
fermentation was slightly reduced to 100 hr. 

(d) Effect of initial fermentable sugar concentration. 
The effect of initial fermentable sugar concentrations 
in the range 16 to 30 ¢/100 ml as invert sugar was inyes- 
tigated in experiments 41/1—4 and 58/1 and 2 (table 
+). A sharp increase of time to completion of fermen- 
tation and of residual unfermented reducing 


sugar 
concentration occurred in fermentations with initial 
presence of various steering reagents 
pH of Fermenting Liquor 
Sulfite 
Dosage Final: 130 
Ohr 14¢hr 12 hr 154 hr 153ghr 23)2hr) 37 hr | 58hr ws , 
50 6.8 | 6.0 |:6.3 6.0 16:6: 17-2178 172 1.8 
Ohr 1034 hr 1134 hr 154% hr 16 hr) 24 hr) 35 hr} 42 hr ros 10 
7 50 7M | 62 | 6.3" 16.9 1701639 | 745173 7.8 
7 50 7.0 | 6.5 | 6.5 , 6.837.424 )72 7.5 
Ohr § 11 hr 1734 hr, 22 hr | 33 hr| 34 hr | 58 hr ses“ 
- x 
50 7.0 | 6.0 6.3 168.) 7.2) 7.4 1} t3 1.2 


Mixed sulfite, pH 6.7 


* After this point, additions were of sulfite-bisulfite solution (pH 6.7) instead of sodium sulfite or sodium carbonate. 


TaBLE 3. Influence of pH value of sulfite-bisulfite solution in the mixed sulfite fermentation 


The following steering reagents were compared (a) sodium sulfite, sodium bisulfite mixture (45/55, pH 6.0), (b) sodium sulfite 
sodium bisulfite mixture (64/36, pH 6.3) and (c) sodium sulfite, sodium bisulfite mixture (0/20, pH 6.7). The pH was restored to 
pH 6.7 at the end of the prefermentation period by addition of sodium sulfite pH 9.2. Glycerol determinations were by the kero 


sene distillation method. 


Experiment No Details 


56/1 Sulfite-bisulfite solution (pH 6.0) as steering rea 
56/2 gent except for initial additions 
56/3 Sulfite-bisulfite solution (pH 6.3) as steering rea 
56/4 ~ gent except for initial additions 


Mean of large number of representative mixed sul 
with sulfite-bisulfite solution 
(pH 6.7) as steering reagent except for initial ad 


fite fermentations, 


ditions 


Yields of Products, Per Cent of 
Fermentable Sugar 


Fermentable | Time for Com 


Sulfite Dosage Sugar pletion of Fer 
Acetalde Attenuation mentation 
Glycerol | Ethanol | “°f'4ce 
hyde 
% hr 

10) 23.3 15.9 9.6 86 289 

a1 .7 17.8 8.8 97 289 

10 23:1 18.6 11.3 89 289 

24.3 19.0 10.5 85 121 

10 25 21 10 93 120 
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reducing sugar concentrations higher than 22 g/100 ml. 
The glycerol yield decreased slightly at this point, 
probably as a result of the lower sugar attenuation. 
The acetaldehyde yield (10 to 12 per cent) remained 
throughout and the ethanol yield, 
although fairly constant (21 to 23 per cent) at initial 
sugar concentrations up to 25 g/100 ml, fell markedly 
to 15 per cent when the initial sugar concentration 


fairly constant 


was raised to 30 ¢/100 ml. 

(e) Effect of yeast strain. Seven strains of Saccharo- 
myces cerevisiae from a variety of sources in the United 
Kingdom were compared in mixed sulfite fermentations 
with the preferred strain B.71. A marked variation was 
observed in the sulfite tolerance of some of the strains, 
which led to considerable variation in rate of fermen- 
tation and degree of reducing sugar attenuation (table 
}). Two strains of Saccharomyces  thermantitonum 
were also examined in mixed sulfite fermentations. 
These strains were listed in the Institute of Brewing 
1949). 
These four fermentations were carried out at 40 C, 


Yeast collection, 1949 (Institute of Brewing, 


which has been shown to be the optimum for fermenta- 
tion of S. thermantitonum in the absence of sulfite by 
von Kuler and Laurin (1919, 1920). This species proved 
tobe very sensitive to sulfite and fermentation was slow 
and incomplete even at sulfite concentrations of 0.6 
¢/100 ml (table 5). 

In experiment 51, yeast strain B.71, ‘tacclimatized”’ 
to the presence of 6.6 ¢/100 ml of sulfite-bisulfite mix- 
ture at pH 6.7 and subcultured for one year in the 
presence of sulfite, was compared with another culture 
from the same source which had not previously been 
grown in the presence of sulfite. No significant dif- 
lerence was observed in the fermentations obtained 
with the two cultures 


TaBLe 4. Effect of initial reducing sugar concentration 

A series of diluted molasses media with initial reducing 
sugar concentrations in the range 16 to 30 ¢/100 ml, as invert 
sugar, were fermented under comparable conditions. The 
added inorganic nutrients were kept constant as described in 
the standard conditions. Glycerol determinations were by 
the kerosene distillation method. 


Observed 
Unfermented 


Vields of Prod- Hexose 
ucts . ° 
: itial ; , ae Concentration 
Experi a sen : Reducing | Time of : pre , 
ment St oe Sugar At- | Fermen " 
No Cone ‘cer. tenuation | tation 
oncentration Ac 
os Et etal 73 hr | 191 hr 
anol! de 
hyde 
100 » / 100 
58/1 16.2 23.8/23.2)10.1| 92.2 121 
08/2 IS.9 25.4/23.0) 9.6) 92.4 121 
11/1 15:7 25.2)21.¢7|12.2) 93.7 73 Boa | wae 
11/2 20.8 25.7/22.6)10.0; 94.4 ia 2.0)| 2:0 
11/3 25.8 24.8'21.2)} 9.7) 91.6 167 LS | 2c 
H/4 29.8 23.515.2) 9.9) 76.8 191 | 10.3 | 6.2 


(f) Effect of temperature of fermentation. A series of 
fermentations was carried out at temperatures of 25, 
30 and 35 C, from which it was concluded that the 
optimal temperature lay in the range of 30 to 35 C. 

(g) Effect of re-use of yeast crop. It was shown in a 
series of experiments that the precipitate of yeast cells 
which settled to the foot of the fermentation vessel 
could be re-used to carry out at least 3 further fermen- 
tations without special treatment to stimulate cell 
division. This procedure resulted in slight increases in 
glycerol yield and rate of fermentation. On completion 
of each successive fermentation in the series, the yeast 
crop was allowed to settle to the bottom of the vessel 
and the fermented liquor was decanted. Fresh medium, 
previously pasteurized, was then added and the yeast 
precipitate was dispersed in the liquid by mechanical 
stirring and aeration with air. Vigorous fermentation 
was observed after 2 to 4 hr. 

(h) Relationship between hexose fermented and glycerol 


formation during the course oj the fermentation. The 


introduction of a chromatographic-periodate method of 
glycerol determination (Sporek and Williams, 1954), 
in which it was possible to separate glycerol from rela- 
tively large quantities of unfermented hexose enabled 
the relationship between hexose fermentation and 
glycerol formation to be investigated throughout 
typical fermentations. Errors introduced by sampling 
during the period of sulfite addition were minimized by 
carrying out this work in the course of a 27,000 L pilot 
plant scale fermentation. Samples of the fermenting 
liquor were withdrawn at intervals for determination 
of reducing sugar, free sulfite, and glycerol concen- 
trations (figure 2). In this figure, the glycerol yield is 
plotted both as the total yield to the time of sampling 
and also as the mean yield during the period between 
consecutive samplings; in each case the yields are cal- 
culated as percentages of the reducing sugar fermented 
in the corresponding period. The proportion of hexose 
converted to glycerol rose rapidly to a maximum (46 per 
cent) after 20 hr from inoculation and thereafter fell 
steadily to zero after 96 hr, although slow fermentation 
was still in progress at that time. The maximum con- 
version of hexose to glycerol coincided approximately 
with the maximum free sulfite concentration in the 
fermenting liquor. 

(7) Investigation of a continuous fermentation pro- 
cedure. A series of 12 fermentations was carried out to 
investigate a continuous fermentation procedure in 
in which each fermentation, after the first in the series, 
was inoculated with a portion of the actively fermen- 
ting liquor from the previous fermentor. The initial 
fermentation (7,000 ml) was inoculated with a culture 
(700 ml) of ‘‘acclimatized” yeast (strain B.71). After 
24 hr, addition of sulfite was almost complete. Approxi- 
mately one-half (3,500 ml) of the vigorously ferment- 


ing liquor was then transferred to a second fermentor 
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containing an equal volume of diluted molasses medium 


(28 g/100 ml as invert sugar) so that the reducing sugar 
concentration after inoculation was 20 to 22 g/100 ml. 
After a further 24 hr, a portion of this liquor was used 
to inoculate the next fermentor of the series in a similar 
manner. Fermentation was allowed to continue in the 
remainder of the liquor in the usual way. 


The initial free sulfite concentration in fermentations 
3 to 12 was in the range 1.7 to 1.9 g/ 100 ml. The yeast 
cell population in the fermenting liquors fell from initial 
and final counts of 30 & 10° and 60 X 


10® cells/ml, 
respectively, in the first fermentation to 10 X 


10° 


and 20 X 10° cells ml, respectively, from the third 
fermentation onward. The limited cell division observed 
in the later fermentations occurred during the first 24 hr 
after inoculation and thereafter little further growth 
occurred. The time for completion of fermentation 
increased rapidly from 120 hr in the first fermentation 
to about 288 hr in the third and subsequent fermen- 
tations. The yields of products were normal. It was 


clear from these experiments that owing to the slow 


TABLE 5. 
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rate of yeast cell division in the presence of sulfite. 
satisfactory continuous fermentation procedures were 
not possible. The question of yeast cell multiplication 
in the presence of sulfite has been investigated by 
Freeman and Donald (1957a). 

(j) Effect of nature of substrate. Blackstrap molasses as 
compared with glucose, sucrose, raw sugar. Experiments 
in Which Cuban blackstrap molasses was compared With 
glucose, sucrose, and raw sugar as substrates in the 
mixed sulfite fermentation showed that the impurities 
present in blackstrap molasses play an important role 
in the fermentation. Media containing only pure sugars 
or raw sugar and salts fermented at markedly slower 
rates under comparable conditions of free sulfite con- 
centration and sulfite dosage (table 6). Blackstrap 
molasses media with initial reducing sugar concep. 
trations of about 20 g/100 ml fermented satisfactorily 
in the presence of maximum free sulfite concentrations 
of 3.5 g/ 100 ml whereas in media containing raw sugar 
or sucrose as substrates, under the same conditions, 


fermentation was slow and incomplete. (The raw sugar 


Comparison of 8 strains of Saccharomyces cerevisiae and 2 strains of Saccharomyces thermantitonum in mixed 


sulfite fermentations 


The S. cerevisiae fermentations were carried out under normal conditions at 35 C and the S. thermantitonum fermentations at 
10 C. With the exception of those used in experiments 51/1 and 81, all the cultures were ‘‘acclimatized”’ to the presence of sulfite 
bisulfite mixture (6.6 g/100 ml at pH 6.7). Glycerol determinations were by the kerosene distillation method. 


Culture No. 


in Labora 


a ri 4 No . 
Experiment N¢ tory Collec 


tion 
54/2-3 (mean) B.63 
54/1 B71 
17/2 B.66 
17/3 B.67 
17/4 B.71 
18/1 B.68 
18/2 B.69 
48/3 B.70 
48/4 — B.71 
19/1 B.72 
49/2 B.71 
51/2 B71 
1/1 B71 
81/1 B.76 
81/3 B.76 
81/2 B.77 
81/4 B.77 


* Acquired March 1950 


S. 


S. 


Details of Culture 


. cerevisiac 


. cerevisiae 


. cerevisiae 


_ cerevisiae 


, Core visiae 


thermantitonum 


Lorgensen strain 


thermantitonum 
Chapman strain 


Yields of Products Reducing 


= . Time of 
cc ' Sulfite Sug: t 
Source of Culture ‘sesensal RP Phen. Fermenta 
Glycerol Ethanol fh one | tion ton 
% % % % % days 
Brewers’ yeast, acquired 1947 40 25.0 | 20.0] 7.8] 93 5 
Industrial aleohol distillery 40 24.9 | 21.5) 7.5 | 93 5 
| | 
Bakers’ yeast 37 26.0 | 16.6 9.4 94 8 
Brewers’ yeast, acquired 1950 29 1 6.1 3.1 50 12 
40 25.7 117.9 | 8.7 | 90 12 
Prof. R. H. Hopkins, No. 1* 40 22.5 | 20.8 | 7.7 | 95 5 
Prof. R. H. Hopkins, No. 2* 40 23.6 | 18.2 | 8.1 88 9 
Prof. R. H. Hopkins, No. 3* 410 20.9 | 14.2) 7.9] 76 9 
40° | 23.7 | 15.7 | 11.3 | 84 9 
Brewers’ yeast, acquired 1950 40 24.8 | 18.8 | 11.0| 8! 8 
40 25.7 119.8 | 8.8] 92 6 
*‘Acclimatized”’ to presence of sul- 40 23.7 | 20.0) 8.4] 94.1 4 
fite-bisulfite, pH 6.7 
Unacclimatized culture 40 24.6 | 22.0 | 9.3] 93.8 4 
The Institute of Brewing yeast col 18) 9.7 )\200) 14 | 0.1 20 
lection No. 790 
The Institute of Brewing yeast col- 1.8 | 10.4 | 30.3 | Nil 88.4 20 
lection No. 790 
The Institute of Brewing yeast col- | 33.2 | 28.7 | 21.5 | 6.6 96.8 20 
lection 
The Institute of Brewing yeast col- | 13.2 | 18.5 | 18.5 | 3.0 | 98.5 16 


lection 
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yed in this work is the starting material for refining 
ane sugar in the United Kingdom; average specimens 
wntained approx 97 per cent of sucrose, and 1.6 per 
ent of invert sugar). In experiments 84/1 and 86/1, 
vith raw sugar as the substrate, the prefermentation 
period was prolonged to 54 to 6% hr. At this stage 
cell populations were 51 X 10° and 36 X 108 cells/ml, 
respectively, and the reaction of the medium had fallen 
to pH 5.6 in both cases. When the maximum free sul- 
fte concentration was restricted to 1.6 to 1.7 ¢/100 ml 
asin experiments 103/1—4 with glucose and sucrose as 
substrates, the fermentation proceeded at a rate approx- 
imately comparable to that obtained with molasses 
media, and it is clear that sulfite concentration is a 
eitical factor in unaerated fermentations of glucose 
and sucrose. 

The effect of aeration with air at 4 vol/vol/hr was 
investigated in a series of fermentations of raw sugar 
in Which maximum free sulfite concentrations of 1.0, 
1.5, 2.0, and 3.0 ¢/100 ml were reached. Under these 


conditions, high free sulfite concentrations were toler- 
ated and the fermentations proceeded to completion in 
periods as short as 192 hr and resulted in yields of 
products comparable to those obtained with black- 
strap molasses as substrate under aerated or unaerated 
conditions. Comparison of the effects of aeration with 
air, nitrogen, and carbon dioxide showed that the stim- 
ulative effect of aeration with air in raw sugar fermen- 
tations depended both upon the presence of an excess of 
oxygen in the fermenting medium and upon removal of 
toxic volatile fermentation products by the gas stream. 
Thus the rate of fermentation during aeration with 
nitrogen was considerably lower than during aeration 
with air but significantly higher than in the absence of 
aeration. When carbon dioxide was passed through the 
fermenting medium, fermentation proceeded at a 
diminishing rate during the initial 24 hr and ceased 
after 48 hr owing to the death of the yeast cells. 

(k) Oxidation-reduction potentials of fermenting liquors. 
The importance of aeration with air in influencing the 
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Fic. 2. Relationship between hexose fermented, glycerol formation, and free sulfite concentration during the course of 
the fermentation. A, Glycerol yield: mean between consecutive samplings; B, Glycerol yield: total to time of sampling; C, 
Glycerol concentration corrected to final volume; D, Observed free sulfite concentration (as NaoSO;); E, Reducing sugar con- 


centration corrected to final volume. 
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rate of fermentation of raw sugar, glucose, and sucrose 
in the presence of sulfites led to a study of the oxida- 
tion-reduction potentials of raw sugar and molasses 
liquors during the fermentation. Reproducible results 
were obtained by means of colorimetric determination 
with B. D. H. ‘Redox indicators'.” They showed that 
the presence of sulfite is the major factor in determin- 
ing the oxidation-reduction potential of the fermenting 
liquors. The potential fell from above 0.227 (the limit 
of the available range of indicators) to between 0.118 and 
0.063 v immediately after the initial addition of sul- 
fite and remained within this range until fermentation 
was complete. No significant effect on the potential by 
aeration with air was detectable by the methods 
emploved. 

(1) Minor fermentation products and components of the 
fermented liquor. (1) Acetic acid: Volatile acids were 
determined in the fermented liquors by a modification 
of the method of Pregl (1945), consisting essentially of 
acidification of the fermented liquor (10 ml) with 25 
per cent p-toluenesulfonic acid (4 ml) and distillation 
in vacuo into an excess of sodium hydroxide. The dis- 
tillate contained sulfur dioxide as well as volatile organic 
acids; the former was determined iodimetrically and a 
correction applied to the gross titer. 

Nelson (1929) stated that a sample of Puerto Rican 
molasses contained formic acid (0.1 per cent) and acetic 
acid (0.2 per cent). The specimen of Cuban blackstrap 
molasses used in our work contained volatile acids, 


‘The British Drug Houses Ltd., Poole, Dorset, England. 


TABLE 6. 


Anaerobic fermentations of glucose, sucrose, and raw sugar were carried out under the normal conditions. The fermentation 
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Anaerobic, mixed sulfite fermentations of glucose, 


[von 5 


calculated as acetic acid (0.38 per cent). It was cop. 
cluded that the bulk of the volatile acids found in the 
mixed sulfite fermentation liquors were formed in the 
fermentations since only 0.2 g/100 ml as acetic acid is 
accounted for by the volatile acids present in the molas. 
ses whereas, for example, the concentration in the 
fermented liquor in experiment 126/1 was 0.6 2/100 ml. 
The influence of sulfite dosage on acetic acid production 
in the fermentation is shown in figure 1. 

The bulk of the volatile acids present in a typical 
fermentation liquor was identified as acetic acid by 
isolation of the p-phenylphenacyl ester, mp and mixed 
mp 108 to 110 C. 

(2) Lactic acid: The lactie acid content of sulfite 
fermentation liquors was determined semiquantitatively 
by a modification of the method of Boyland (1928) and 
it was concluded that a small amount of lactic acid 
equivalent to approx 1.8 per cent of the hexose fer- 
mented was formed during typical fermentations of mo- 
lasses in the presence of sulfites. 

(3) Aconitie acid: Aconitic acid was determined by 
the decarboxylation method of Roberts and Ambler 
(1947), and a correction was made for the carbonate 
content of the fermented liquors. A representative 
fermentation liquor from Cuban blackstrap molasses 
(experiment 64/3) contained 0.82 ¢/100 ml of aconitic 
acid, and an solution, corre- 
spondingly diluted, contained 0.7 ¢/100 ml of the acid. 
It was concluded that aconitic acid was not a produet 


unfermented molasses 


of the sulfite fermentation. 


Sucrose, and raw sugar 


media contained ammonium sulfate (1.4 g/L) and disodium hydrogen phosphate (2.5 g/L) at pH 6.8. Glycerol determinations wer 


by the kerosene distillation method. 


Sugar Concentration 
as Invert Sugar 


Experiment No Substrate 


Initial Final 


¢/100 ml 

84/1 {aw sugar 20.9 0.1 
86/1 9.8 0.4 
68/1 and 2 (mean)| Sucrose 2:3 4.3 
68/3 and 4 (mean) 21.4 1.1 
103/1 19.8 0:2 
103/2 10.5 0.0 
103/3 Glucose 19.6* 0:2" 
103/4 10:2* 0.0 

Mean of representative | 20-22 | 2.0 


Cuban blackstrap 


molasses fermenta- 


tions 


AS glucose. 


Sulfite as NaeSOs 


Yields of Products 


Time to Rate of 
Completion Fermentation 
Maximum ae During Initial 
concen- | Dosage Fermentation Giycerol Ethanol | , Rat 24 hr 
tration aldehyde 
g/100 ml q days % % % g hexose L/hr 
Be 20 13 15.6 31.0 5.6 0.6 
1.6 10) 5 24.8 18.1 11.3 3 
3.1 37 31 24.5 16.1 10.0 1.3 
1.9 19 31 16.2 30.5 6.2 1.4 
a 33 8 24.2 24.8 8.9 2.8 
1.6 40) 4 23.7 20.6 10.3 2.6 
1.6 35 4 23.2 21.4 9.5 3.3 
1.6 10) o 22.0 21.0 8.4 2.8 
3.5 410) 5 25 21 10 2.4 
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con- (m) Effect of scale of fermentation. Comparison of the were made at intervals to maintain these concen- 
the | \inetics and yields of products in fermentations carried trations. The change in concentration of glucose due to 
the | out (a) in the laboratory with an initial volume of 7 L, these latter sulfite additions was small and the results 
idis | }) on a semitechnical scale with an initial volume of have not been corrected for this factor. The pH value 
las- | 9790 L and (c) on a pilot plant seale with initial vol- was initially 6.7; in the sulfite containing liquors the 
the | ymes of 27,000 L showed that within these limits the pH remained in the range 6.7 to 8.3 during the fermen- 
ml. | sale of fermentation had no detectable effect. tation. In the absence of sulfite the pH rapidly fell to 
‘tion th Washed Y ; 2.5 to 3.0. The glucose concentrations of the fermenting 

Verme sw ashe ast Suspensions : : : 

Fermentations with Washed Feast Suspensions liquors were determined at intervals and are reproduced 
pical The experiments described above were carried out in table 7. There was no initial lag in onset of fermen- 
L by | ynder laboratory conditions approximating as closely tation. The initial approximately linear rates of fer- 
xed J as possible those which could be used in industrial mentation were 0.57, 0.33, 0.27, and 0.15 g glucose / 100 

vale fermentations. Blackstrap molasses, a complex ml/hr in the presence of respective free sulfite concen- 
ilfite | mixture of fermentable sugars containing numerous trations of 0, 1, 2, and 3 g¢/100 ml, that is, in the ratios 
ively organie and inorganic impurities, was used as starting 100:59:47:27. After 35 to 60 hr of fermentation, 
and | material in the bulk of the work, and under the experi- dependent upon the free sulfite concentration, a final 
acid J nental conditions yeast growth, as well as fermentation, slow phase of fermentation set in, during which only 
: ler | took place. In the following experiments, to determine 5 per cent or less of the original glucose was fermented. 
fm0- | the influence of pH and free sulfite concentration on After 118 hr of fermentation, 1.9, 2.3, 4.5, and 13.8 
, the sulfite fermentation, the experimental conditions per cent of the original glucose, respectively, remained 
Oy bes cmnniified by use of clucose (initially { 
= were simplified by use of glucose (initially 9 to 10 g/100 unfermented. 
nbler ee er oe » presence of sodi sphate . : tet : 
ml) as substrate in the 7: sence of sodium phosphate Glycerol yields by the kerosene distillation method in 
mate F and ¢ i sulfate. The fermentations were inocu- . enue = : 
and ‘pees ult M ie | rmentations ' terms of total glucose were 26.5, 28.7, and 26.0 per cent 
ative J lated with sufficient quantities, corresponding to ‘ aes : ; 
; . i in the presence of respective free sulfite concentrations 
asses | about 80 X 10° cells per ml, of a washed suspension of a i ; ‘ 
a ‘ net peo aye of 1, 2, and 3 g/100 ml, that is, glycerol yield was prac- 
mitic | yeast (strain B.71, previously “‘acclimatized”’ to 6.6 per ase 

tically independent of free sulfite concentration under 
‘orre- J cent free sulfite equivalent concentration) to promote ; 7 lit} | f | f 1] 

1 ¢ ; + ees . se conditions. In terms of hexose fermente fs 
acid. } rapid fermentation without significant increase of cell — ” a oe a ee 

° ver > olyveer ne N ‘ere 979 2 ) s 2 5 oy 

duet | population. ever, the glycerol yields were 27.2, 30.2, and 30.5 per 

(a) Effect of free sulfite concentration. At the time of cent. It was concluded that under these conditions a 

inoculation, a sufficient solution of sodium sulfite and free sulfite concentration of 2 to 3 g/ 100 ml was optimal 

bisulfite (pH 6.7) was added to the fermentation vessels for the major period of the fermentation but that the 

to give free sulfite equivalent concentrations of 0, 1, 2 free sulfite concentration should be allowed to fail to 

tation | 22d 3 g/100 ml, respectively, and further additions less than 1 per cent at the completion of fermentation 

is were 
TABLE 7. Relationship between glucose concentration and time, in fermentations containing 0 to 3 g/100 ml of free sulfite 
equivalent 
To a solution (625 ml) containing glucose, 119 g/L; NasHPOs, 2.0 g/L; (NH4)2SOq, 1.2 g/L; MgSO,-7H.2O, 0.5 g/L and KCl, 5.0 
a g/L at pH 6.7, the following additions were made: 
nitial . 
r Experiment No Sodium Sulfite-Bisulfite Solution, pH 6.7 | Inoculum Containing 3 X 10° Cells/ml Water 
Lr ml ml ml 
WS3/1 0 14 70 
2 24 14 46 
3 47 14 23 
; i 70 14 0 
Temperature 35 C, pH 6.7 to 8.3, except in experiment WS3/1, where the pH value rapidly fell to pH 2.5 to 3.0. The free sulfite 
5 concentrations in expts. WS3/2, 3, and 4 were maintained at 1.0, 2.0, and 3.0 g/100 ml respectively by periodic addition of sulfite- 
" ° . ° 
4 bisulfite solution, pH 6.7. 
3 : 
af eer Glucose Concentration pH Values 
Experiment No. F wii Sulfite —— ——_ 4 - 
- Concentration ] ] | ] | % - | A 
' 0 hr 44 hr | 734 hr | 1034 hr| 22hr | 30hr | 4ot2 hr| 54 hr | 70hr | 118 hr | 0.5 hr | 22 hr 4642 hr) 118 hr 
g/100 ml g/100 ml 
WS3/1 0 9.54 | 6.99 | 5.16 | 4.08 | 1.64 | 0.67 | 0.44 | 0.27 | 0.27 | 0.18 | 4.26 | 2.64 | 3.04 | 2.79 
2 1.0 9.46 | 8.28 | 7.03 | 5.90 | 3.16 | 1.41 | 0.41 | 0.22 | 0.24 | 0.22 | 6.96 | 6.78 | 7.12 | 8.30 
3 2.0 9.54 | 8.48 | 7.44 | 6.61 | 4.64 | 3.13 | 1.61 | 0.87 | 0.66 | 0.43 | 7.14 | 6.94 | 7.08 | 7.71 
| 3-0 9.60 | 9.10 | 8.29 | 7.63 | 6.29 | 5.32 | 4.26 | 3.45 | 1.86 | 1.31 | 7.20 | 6.76 | 7.10 | 7.40 
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in order to obtain maximum utilization of fermentable 
sugar. 

(b) Effect of pH. A series of fermentations was carried 
out in which the pH values were maintained at pH 6.2, 
6.5, 6.7, and 7.0. The free sulfite equivalent concen- 
tration was kept constant at 2.5 g/100 ml by inter- 
mittent addition of sulfite-bisulfite solution of the 
appropriate pH value. The results are summarized in 
table 8; they show that glucose attenuation and rate of 
fermentation fell off rapidly at and below pH 6.5. It 
was concluded that the optimal pH for the sulfite 
fermentation under these conditions was in the range 


of 6.7 to 7.0. 


DIscUSSION 


Under the standard conditions of fermentation, which 
have been described, sulfite dosage was probably the 
most important factor in determining yields of products 
and kinetics of fermentation. The dependence of the 
yields of glycerol, ethanol, acetaldehyde, and acetic 
acid on sulfite dosage is shown in figure 1. The graph 
shows that at 50 per cent sulfite dosage, acetaldehyde 
found and “theoretical acetaldehyde” approach equal- 
ity, and acetic acid production is practically zero. These 
facts are consistent with the conclusion that, at sulfite 
dosages in excess of 50 per cent, glycerol production is 
as predicted by Neuberg’s second equation (1), whereas 
at lower sulfite dosages a proportion of the glycerol is 
formed by another route as predicted by equation (2). 
The sulfite dosages which are necessary for high glycerol 


TABLE 8. Influence of pH on rate and completeness of fermenta- 
tion of glucose and glycerol yields in the presence of 2.5 9/100 
ml of free sulfite equivalent 

To the glucose medium described in table 7 (625 ml), the 
following additions were made: 


Sodium Sulfite-Bisulfite Solution Inoculum 


os Containing Water 
pH Concentration Volume |°* 10° Cells/ml 
g/100 ml ml ml ml 
WS5/1 7.6 26.0 63 10 0 
2 yum 30.4 53 10 10 
3 6.7 33.4 50 10 13 
} 6.2 30.3 43 10 20 


Temperature 35 C. Free sulfite concentration, 2.5 g/100 
ml. The fermented liquors were harvested after 144 hr. Glye- 
erol determinations were by the kerosene distillation method. 


Mez Glucose Glycerol Yield 
Experiment ‘ pH Initial rate of Attenuation — 
No. * ac Fermentation — 144 Hr of | of total | Of pinnae 
ermentation 
. glucose | fermented 
g glucose Pee er ‘ 
100 ml/hr ‘ 2 
WS5/1 7.0 0.32 97.8 25.9 26.5 
2 6.7 0.21 98.2 23.9 24.3 
3 6.5 0.09 75.0 22.4 29.9 
4 6.2 0.08 9.3 


DONALD [VoL, 5 
yields have important effects on rate of fermentation, 
time to completion of fermentation and sugar attenus- 
tion in the later stages of the process. This is clearly 
shown by comparison of the initial rates of fermen. 
tation and the residual glucose concentrations (afte 
118 hr fermentation) in experiments WS3/1-4 (table 
7) in the presence of free sulfite concentrations of 0, |. 
2, and 3 ¢/100 ml. 

Comparison of the kinetics of fermentation, yields of 
products and pH changes during fermentations in the 
presence of (a) sodium sulfite and (b) various mixtures 
of sodium sulfite and sodium bisulfite showed that the 
nature of the sulfite steering reagent was unimportant 
until the proportion of bisulfite to sulfite exceeded 
0.25:1; addition of mixtures containing higher propor- 
tions of bisulfite caused partial inhibition of the fer. 
mentation owing to the toxicity of this component. 

The results of the present work and that of earlier 
workers (Neuberg and Reinfurth, 1918, 1919) support 
the view that the sulfite fermentation may be regarded 
as a yeast fermentation in which the products are 
dominated by the sulfite steering reagent in a manner 
which may be predicted from the laws of mass action, 
Maximum yields of glycerol and acetaldehyde resulted 
from a high concentration of free sulfite in the ferment- 
ing liquor, which favored the formation of the acetal- 
dehyde-bisulfite complex and suppressed its subsequent 
dissociation. The concentration of sulfite which may be 
practical conditions is, however, 
limited by the tolerance of the yeast and normally a 
little less than half of the acetaldehyde formed as an 
intermediate is reduced to ethanol as in the case of 


employed under 


ethanolic fermentation of hexose. 

Production of glycerol in the sulfite fermentation 
may be expressed by equation (1), from which it fol- 
lows that theoretically glycerol production is stoichio- 
metrically equivalent to bisulfite fixation as acetal- 
dehyde-bisulfite compound. 

CsH»O, + NaHSO; 


(1 
= CH;CHO-: NaHSO; + C;H,O; + CO, 


This relationship has been used by some workers, io! 
example, Underkofler et al. (1951la), asa means of ascer- 
taining the glycerol content of fermented liquors by 
means of determination of sulfite fixation. In our expe- 
rience, this proved to be a fairly satisfactory procedure 
but should be used with caution since (a) glycerd 
equivalent to 2.5 to 3.6 per cent of the fermentable 
sugar is formed in normal ethanolic fermentations 1! 
the absence of sulfite and under these conditions glyc- 
erol formation is greatly influenced by the pH of the 
medium and (b) a portion of the added free sulfite 
lost from the system by separation as insoluble calcium 


sulfite by reaction with calcium salts in the molasses. 
It follows, from the Embden-Meyerhof-Parnas schem 
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ior the dissimilation of glucose, that glycerol and 
acetaldehyde are formed in equimolecular proportions 
when the hexose is fermented by yeast in the presence 
of an acetaldehyde fixing reagent such as sulfite. It has 
heen shown (figure 1) that when the quantity of sul- 
fite added, as NaoSO 3, was equivalent to 50 per cent or 
more of the fermentable hexose, the yield of acetal- 
dehyde agreed closely with the theoretical but at lower 
sulfite dosages the yield of acetaldehyde was less than 
predicted by the theory and the discrepancy increased 
progressively as the sulfite dosage was diminished. It is 
suggested that when the quantity of added sulfite is 
less than half that of the fermentable hexose a pro- 
portion of the latter is fermented, with the production 
of glycerol, ethanol, acetic acid, and carbon dioxide, in 
accordance with equation (2), in addition to that which 
undergoes normal ethanolic fermentation in accordance 
with equation (3): 


2C0;H2O5 + HO 2C3;H,O;3 + CH;COOH 


+ CoH;OH + 2C0, 


CoH 20; 2C,H;OH + 2CO, (3) 


This view is supported by the presence of acetic acid as 
aminor product of the fermentation under these condi- 
tions. (Production of glycerol and acetic acid by yeast 
fermentation of hexose can also be expressed as: 


ICsH 206 + 2H2O 
(4) 
= TOA Les a 2CH Cl JOH + 2C( Yo 


When acetaldehyde is dissimilated in presence of yeast 
equimolar quantities of ethanol and acetic acid are 
formed (I'reeman and Donald, 1957b) and for this 
reason equation (2) is preferred.) 

The theoretical yield of 51 per cent of glycerol, in the 
sulfite fermentation, as required by equation (1) has 
never been realized. The major products of the fermen- 
tation are glycerol, acetaldehyde, ethanol, and carbon 
dioxide. In addition it has been shown that acetic acid 
and lactic acid are found as minor products and it is 
known that a small proportion of the hexose is con- 
sumed in building up yeast cell tissue. If these minor 
losses of hexose be neglected it is reasonable to assume 
that hexose molecules not fermented according to 
equation (1) will undergo normal ethanolic fermen- 
tation (Neuberg’s first form of yeast fermentation) as 
required by equation (3). The yields of the major fer- 
mentation products will then be represented by the 
sum of equations (1) and (3), according to the relative 
humbers of hexose molecules which are fermented by 
the two routes. If, for example, equal numbers of hexose 
molecules were fermented in each of the two ways the 
over-all yields of products would be represented by 
equation (5) as follows: 


from 
CeHwOs = C;H,0O; + CH;,CHO oo CO, (1) 
C.Hi2.0, = 2C.-H;OH + 2CO. (3) 


2C,H1.0, = C;H,0; + CH;CHO+ 2C.H,OH + 3C0. (5) 
Parts by weight: 


360 92 44 92 132 
Parts by weight: 
100 25.6 12.3 25.6 36.7 


The yields found by experiment, with a sulfite dosage 
of 40 per cent, are of approximately the same order, 
namely, glycerol, 27.2; ethanol, 21; and acetaldehyde 
10 per cent (table 6; the glycerol value is based on the 
kerosene distillation method and corrected by the fac- 
tor 1.09). 

By means of a triangular diagram (prepared by our 
colleagues Dr. K. Luckhurst and J. V. Gregg) relating 
the principal products of hexose fermented by the 
routes of Neuberg’s three forms of fermentation, the 
relative proportions of hexose molecules fermented by 
the three routes in the presence of sulfite equivalent 
dosages of 5, 25, and 50 per cent have been determined. 
At these sulfite dosages, the percentages of hexose 
molecules were as follows: 

Hexose Molecules Fermented by Neuberg’s Forms of 


‘ Fermentation 
Sulfite Dosage 


First Second Third 
a 
5 75.5 7.0 5 
25 59. 


—_ — 
ore 
Ce 
t 
w 
rs 


50 42. 


SUMMARY 

The following factors, which influence the kinetics of 
fermentation of hexoses in the presence of sulfites, 
have been investigated: pH, sulfite dosage and free 
sulfite concentration, initial substrate concentration, 
temperature, nature of yeast strain, and aeration. 

The pH optimum was 6.7 to 7.0 and the optimal 
temperature 30 to 35 C. The quantity of added sulfite in 
terms of total fermentable hexose has been shown to be 
an important factor in determining the relative yields 
of glycerol, acetaldehyde, ethanol, and acetic acid. The 
optimal conditions for Cuban blackstrap molasses 
fermentations were: initial reducing sugar concen- 
tration, 20 to 22 g/100 ml; maximum free sulfite con- 
centration, 3 to 3.5 g/100 ml as Na.SO; equivalent; and 
aeration with air restricted to 30 min during the “‘pre- 
fermentation” period. Under these conditions and with 
a sulfite dosage of 40 per cent, the fermentation was 
complete in 5 days with a fermentable hexose attenua- 
tion of about 93 per cent. The fermented liquor con- 
tained glycerol, 4.5 (corrected value determined by 
kerosene distillation method); acetaldehyde, 1.7; 
ethanol, 3.5; and acetic acid, 0.3 g/100 ml; equivalent 
to yields of 27.2, 10, 21, and 1.1 per cent respectively 
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in terms of total fermentable hexose. Acetic acid and 
lactic acid (about 1.8 per cent of hexose fermented) are 
minor products of the sulfite fermentation. 
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Fermentation Processes Leading to Glycerol 
as II. Studies on the Effect of Sulfites on Viability, Growth, and 
e und Fermentation of Saccharomyces cerevisiae 
n Gi 
sind G. G. Freeman anp G. M. 8. DonaLp 
: und Imperial Chemical Industries Limited, Nobel Division, Research Department, Stevenston, Ayrshire, Scotland 
> zur 
1. Ges,, Received for publication June 28, 1956 
ith ed, = ‘ : i : , : och ; : ‘ : 
[he high concentrations of free sulfite and bisulfite of fermentation in the presence of sulfite was reported. 
Mier. | necessary to direct ethanolic fermentation of hexoses It was concluded that fermentation rate in a synthetic 
1, Eng | towards formation of glycerol and acetaldehyde in the medium was seriously affected by the presence of sul- 
sulfite process cause considerable reduction in the rates fite, whereas in a molasses medium the corresponding 
inalyt- J of prowth and rate and completeness of fermentation effect was small. The maximum sodium bisulfite con- 
is by yeast. In an investigation of variables influencing centration which permitted fermentation was stated to 
itative | the sulfite fermentation of blackstrap molasses, Iree- be 0.2 per cent. 
Chem man and Donald (1957) showed that reducing sugar . 
‘4 attenuation at a given time decreased with increase of EXPERIMENTAL METHODS 
— sulfite dosage and free sulfite concentration and it was The analytical methods used were as described by 
"7 observed that little yeast cell division took place in the Freeman and Donald (1957). 
tion of | presence of sulfite at pH 6.7 to 7.0. In the present ; i cine 
J. Mi- J paper, the effects of sulfite-bisulfite on rate of fermen- Isolation of cast setae and Growth sai 
' tation of glucose by yeast and on growth rate and Presence of Sulfite-Bisulfite 
ae viability of Saccharomyces cerevisiae have been deter- A series of yeast cultures was isolated from commer- 
slucose, | mined over a wide range of pH in simpler systems. The cial pressed yeast and samples of brewers’ and dis- 
effect of some products of the sulfite fermentation, tillers’ yeasts by suspension of the samples in sterile 
graphic J namely acetaldehyde and acetaldehyde-bisulfite com- saline and plating on to beer wort agar medium in Petri 
lutions. plex, on rate of fermentation of glucose by yeast has dishes which were incubated at 35 C for 24 hr. Typical 
a also heen studied. colonies of S. cerevisiae were picked on to beer wort agar 
aaa The inhibition of the activities of normal yeast cells slopes and the cultures stored at 5 C. The cultures were 
Coll. J. | by sulfite-bisulfite raises the question of the possible “acclimatized” to tolerate the presence of sulfite- 
isolation of sulfite resistant strains. The use of sulfite bisulfite concentrations of 5.0 to 6.6 ¢/100 ml (as Na» 
AND FI 7 resistant yeast cultures in wine manufacture (Joslyn SO;) at pH 6.7. 
— and Cruess (1934) as cited by Prescott and Dunn ee esas ors 
(1949)) is well known, where small quantities of sul- Effect of Sulfite-Bisulfite on Yeast Growth 
Fermen- | tur dioxide or potassium metabisulfite are added to (a) In aerated cultures. Diluted molasses medium 
y, R.J. § destroy or inhibit undesirable microorganisms includ- (195 ml) containing reducing sugars (8 g/100 ml) and 
ty, New Ting “wild”? yeasts without serious injury to the pure having an initial sulfite concentration of 2.4 ¢/100 ml 
lor Hele | “Ulture of specific wine yeast subsequently added. The (as NasSO;) and pH 6.7 was inoculated with a beer 
156-16). | COWcentrations (around 0.022 per cent as Na.SO;) and wort culture (5 ml) of S. cerevisiae strain B.71 (isolated 
ler Hefe f PH values (about pH 3) are, however, of an entirely from an industrial alcohol distillery yeast). One series 
siochem. J different order from those involved in the sulfite fer- of cultures was aerated with air at 25 vol/vol/hr and 
mentation. another series at 80 vol/vol/hr. A similar series of 
spe The effects of sulfites on yeast growth and fermen- cultures was prepared having an initial sulfite concen- 
Pee tation have been investigated by Tomoda (1928), who tration of 3.6 g/100 ml. The cultures were incubated at 
reported that the presence of sodium sulfite or of SO; 35 C in conical flasks, and yeast cell counts were deter- 
ion nearly arrested the propagation of yeast and that mined at intervals by the hemocytometer method. The 
the fermentative activity was greatly diminished. It was multiplication factor, K, was calculated from the 
‘tated that acetaldehyde-sodium bisulfite compound formula 
had no injurious effect upon the yeast cell or fermen- q=aX Kt 
tation but in alkaline media the complex was slightly 
dissociated into its components, which produced injur- where a is the initial number of cells per unit volume 
ious effects. In a further paper (Tomoda, 1929) the rate and q is the number after time, ¢, expressed in hours. 
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The values of Ko (table 1) were significantly smaller 
in corresponding experiments 
Ld to 1.5. 

In comparative experiments with uninoculated con- 


than those obtained 
with sulfite free medium where K 


trols, extensive oxidation of sulfite occurred under the 
experimental conditions, although the total of sulfite 
and sulfate remained constant. 

(b) In unaerated cultures. A similar study of the rate 
of yeast growth was carried out in unaerated cultures. 
A series of diluted molasses media (195 ml) contaiming 
reducing sugars (5 g 100 ml) and having initial sul- 
fite concentrations of 0, 0.5, 0.8, 1.6, 2.6, and 3.1 2¢/100 
ml (as NasSO;) and pH 6.7 were inoculated with a 
culture of yeast strain B.71 (5 ml), and ineubated at 
35 C for 56 hr without agitation. To minimize surface 
oxidation the experiments were carried out in cylinders 
(31 & 3.5 em internal diameter). 

The multiplication factor AK (table 2) shows a sharp 
fall in the rate of yeast growth as the initial sulfite 
concentration was raised from zero to 1.6 g° 1000 ml. 
There was no growth with an initial sulfite concentra- 
tion of 3.1 g/ 100 ml, and virtually none in the range 
2 to 3.1 g 100 mi. Visible fermentation took place in 
all cases after an induction period (8 to 48 hr) which 
increased steadily with the initial sulfite concentration. 
The fermentation resulted in fixation of sulfite, but 
the reduction in free sulfite concentration did not lead 
to an inerease in growth rate although the maximum 
yeast population had not been reached. This observa- 
tion suggested that total sulfite concentration, free 
plus fixed sulfite, was the significant factor influencing 
rate of yeast growth under these conditions. 


Effect of Sulfite-Bisulfite on Yeast Viability 


The toxicity of sulfite-bisulfite to yeast at a series of 
pH values in the range 5 to 10 was determined as 
follows: A- series of glucose-phosphate-sulfite media 
Was prepared, containing glucose (5 g/ 100 ml), dipotas- 
sium hydrogen phosphate (0.3 g/ 100 ml) and sodium 
sulfite (3.5 ¢/100 ml) with adjustment of the media to 
pH 5, 6, 7,8, 9, and 10 by addition of sodium hydroxide 
or hydrochloric acid. The media (500 ml) were each 
inoculated with 10° cells of S. cerevisiae strain B.71 and 
a similar series was inoculated with strain B.71 after 
acclimatization to the presence of 6.6 g/100 ml] sulfite 
equivalent at pH 6.7. The media were incubated at 
30 C for 24 hr and constant pH values were maintained 
by periodic addition of acid or alkali. Viable cell counts 
were determined at intervals by the agar plate method. 
The results are plotted in figure 1. Minimum toxicity 
occurred in the range pH 8 to 8.5 and the toxicity in- 
creased sharply at pH values below or above this. 
Kven at pH 8.3 the cell counts fell to 144 of the original 
after 7 hr and to !49 after 24 hr. There was no signifi- 
cant difference between the acclimatized and unac- 
climatized strains. Similar results were obtained when 
the glucose-phosphate-sulfite media were replaced by 
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Tasie l. Rate of yeast growth in aerated sulfite-contain ing media 
Diluted molasses media (195 ml; 8 g/100 ml reducing sugars) 
containing the initial sulfite concentrations stated below (a 
as 

NaySO;) at pH 6.7 were inoculated with Saccharomyces cer 
visiae strain B.71 (5 ml). The cultures were incubated at 35 ¢ 


Free Sulfite ° Multiplica- | Mean Mul 
yng Time (1) Concentra P ell tion Fac “el tiplication 
= tion mans (K) ‘actor 

(t = 0-24) 
vol/vol/h hy g/100 ml x 106/ml 
25 0 2.4 3 
1 re | 1 1.07 
8 2.1 10 1.16 Ll 
24 OLS 25 1.09 
32 OLS 5S 1.09 
1S 0.7 24 1.04 
SO 0 2.4 3 1.14 
1S 0.7 20 1.04 
25 0 3.6 2 1.08 
1S |. 20 1.05 
SO 0 3.6 2 1.10 
1S 1.8 50 1.07 


TABLE 2. Rate of yeast growth in unaerated sulfite containing 
media 

Diluted molasses media (195 ml; 5 g/100 ml reducing sugars) 

containing the initial sulfite concentrations stated below (as 

Na.SO;) at pH 6.7 were inoculated with Saccharomyces cer 

visiae strain B.71 (5 ml). The cultures were incubated at 35 C, 












Initial Free Tin " Multi Mean Multi Final Free 
Sulfite —_ — plication (plication Factor Sulfite 
Concentration . Factor (K) (tf = 0-24) Concentration 
¢/100 ml hr mo « g/100 ml 
0 56 128 1.05 We 
0.5 56 60 1.03 1.06 0.18 
OLS 56 60 1.03 1.04 0.31 
1.6 56 40 1.02 1.01 0.49 
2.6 56 14 1.01 1.003 0.68 
| 56 10 1.0 1.00 0.90 
| 
| 
5- | 
4e 
- 
eS 
a 
4 
| lJ } 
w Oo | 
0) 2 . ' | 
bf Oo ACCLIMATISED,, 7HR | 
4 2  ACCLUMATISED, 24HR 
OQ UNACCLIMATISED, 7HR 
Ir 2 UNACCLIMATISED, 24HR 
ol “ Nl L a ae 
4 Ss 6 7 8 2 
pH 


Fic. 1. Effeet of pH on viability of Saccharomyces cerevisiat 


in glucose-phosphate-sulfite medium. 
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similar media containing diluted molasses instead of 
glucose, and when a culture isolated from commercial 
bakers’ yeast was introduced into each series of media. 


Effect of Sulfite-Bisulfite on Initial Rate of 
Fermentation 


A series of media was prepared which contained 
glucose (5 g/100 ml), dipotassium hydrogen phosphate 
(0.3 g/100 ml) and sodium sulfite (at concentrations 
in the range of 0 to 2.9 g/100 ml). The pH was adjusted 
to pH 6.8 to 6.9. The media (500 ml) were inoculated 
with a commercial bakers’ pressed yeast (10 g) and 


incubated at 35 C without aeration. Samples were 
withdrawn at intervals for determination of reducing 
sugars. The fall in rate of fermentation with increasing 
sulfite concentration is shown in table 3. 


Effect of pH] on Rate of Fermentation in the 
Presence of Sulfite-Bisulfite 


A series of media was prepared containing glucose 
(5 g/100 ml), dipotassium hydrogen phosphate (0.3 
¢ 100 ml) and sodium sulfite (8 g/100 ml). The pH of 
these media was adjusted to a series of values in the 
range pH 7.0 to 9.4 by addition of sodium hydroxide. 
The media (500 ml) were inoculated with commercial 
pressed yeast (10 g) and incubated at 35 C. The pH. 
was restored to the initial value by addition of sodium 
hydroxide at 30 minute intervals. The rates of fermen- 
tation during the period 0 to 2 hr from inoculation 
were determined from the fall in sugar concentration. 
The results (table 4) showed that most rapid fermen- 
tation occurred in the range pH 7.8 to 8.1. Similar 
results were obtained using media based on molasses 
(table 5). Outside the range pH 6 to 9 the rate of fer- 
mentation fell extremely rapidly. 

At high initial sugar concentrations (21 ¢/100 ml; 
table 5) the effect of pH on rate of fermentation ap- 
peared to be less sharply defined, and the optimum pH 
somewhat lower. This was substantiated by a series of 
fermentations carried out on a 7 L seale (initial sugar 
concentration of medium 21 g/100 ml) under the con- 
ditions described by Freeman and Donald (1957), in 
which pH values of 7, 
periodic addition of 30 per cent aqueous sodium hy- 
droxide. At pH 9 fermentation was partially inhibited 
after 24 hr and ceased at about 48 hr. Fermentation at 
pH 7 was complete in 120 hr, but at pH 8 it was slower 
throughout and was incomplete at 144 hr. It was 
evident that under these conditions the fermentations 


8, and 9 were maintained by 


were influenced by factors which are unimportant in 
the experiments described in tables 4 and 5. 
Effect of Acetaldehyde and Acetaldehyde-Sodium 
Bisulfite Compound on Rate of Fermentation 
(a) Acetaldehyde. The effect of acetaldehyde on the 
tate of fermentation of glucose by yeast was deter- 
ined by Slator’s (1906) method. The media contained 


glucose (5 g/100 ml), dipotassium hydrogen phosphate 
(0.3 g/100 ml) and acetaldehyde (0 to 1.0 g/100 ml). 
The acetaldehyde solution used in the preparation of 
the media was standardized by Ripper’s (1900) method. 
The rate of fermentation was halved in presence of an 
acetaldehyde concentration of 0.1 to 0.25 g/100 ml 
(table 6). Similar results were obtained when laboratory 
strain B.71 was used in place of the commercial pressed 
yeast employed in the above experiments. 

There was a drift of pH towards more acidic reactions 
during the fermentations, but the constancy of the 
rates observed at 10 min intervals showed that this 
drift had no important effect on the rates of fermenta- 
tion. 


TABLE 3. Effect of sulfite-bisulfite on rate of fermentation of 
glucose by Saccharomyces cerevisiae at pH 6.8 to 6.9 
The media contained glucose (5 g/100 ml), K,HPO, (0.3 
g/100 ml) and sulfite-bisulfite (0 to 2.9 g/100 ml as NaSO3). 
The medium (500 ml) plus commercial pressed yeast (10 g) 

was incubated at 35 C. 


Initial Sulfite Concen- 
tration (g/100 ml) 


0 0.4 | 0.9 | 1.6 | 2.0 | 2.9 











Rate of Fermentation (mg glucose/100 
ml/min) 
QO 2 iie..c . oh ns 
b) 0-7 hr. 


13.39.2)7.56.76.75.8 
10.59.85.03.53.3/2.8 


TABLE 4. Effect of pH on rate of fermentation of glucose 
in presence of sulfite-bisulfite 


The media contained glucose ‘5 g/100 ml), K,.HPO; (0.3 
g/100 ml) and sodium sulfite (3 g/100 ml). The pH was adjusted 
by addition of sodium hydroxide to the values shown below. 
Medium (500 ml) plus commercial pressed yeast (10 g) was 
incubated at 35 C, and the pH of the fermenting liquors was 
maintained at the desired values by addition of sodium hydrox- 
ide at 30 min intervals. The rate of fermentation was deter- 
mined from the fall in glucose concentration during the initial 
2 hr period. 





Rate of fermentation (mg glucose/ 
100 ml/min)... .. ./@.3)10.9]11 .3)11.89.3'8.8 


TABLE 5. Effect of pH on rate of fermentation of molasses media 
in presence of sulfite-bisulfite 


The media were based on molasses. Other conditions were 
as stated in table 4. 


Rate of Fermentation (mg invert sugar, 
Initial Reducing Sugar | 100 ml/min) at pH 


Concentration 





72 7.6 8.0 9.2 
¢/100 mi a 
5.0 12 11.8 3.3 
8.8 6.2 12.6 
21.0 | 12.8 ao Sees | 
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(b) Acetaldchyde-sodium  bisulfiite compound. The 
‘compound was prepared by mixing equivalent quan- 
tities of sodium bisulfite and acetaldehyde in aqueous 
solution. Free bisulfite in the solution was determined 
by addition of iodine to a portion and back-titration 
with sodium thiosulfate, and further acetaldehyde was 
then added until the amount of free bisulfite was 
negligibly small. To determine the concentration of 
acetaldehyde-sodium bisulfite compound the complex 
was decomposed by saturation of the solution with 
sodium bicarbonate and the liberated bisulfite was 
titrated with iodine (Underkofler et al., 1951). The 
compound was not isolated in the dry state in which it 
was found to undergo rapid oxidation. 

The rate of fermentation of glucose by yeast in the 
presence of concentrations of acetaldehyde-sodium. bi- 
sulfite compound in the range 0 to 18.8 g/100 ml was 
determined as in the previous experiment. As before 
there was a downward drift of pH during the course of 
experiments. The results (table 6) showed the complex 
to possess a significantly lesser inhibitory effect than 
either of its components. 


DISCUSSION 


The importance of the influence of sulfite-bisulfite on 
yeast growth, viability, and rate of fermentation in 
relation to the sulfite fermentation has been demon- 
strated by the work described above. The quantitative 
aspects of the presence of sulfite-bisulfite on yeast 
growth in aerated media are difficult to interpret. be- 
cause, under these conditions, oxidation of part of the 


TaBLeE 6. Rate of fermentation of glucose in the presence of 
acetaldehyde and of acetaldehyde-sodium bisulfite compound 
The media contained glucose (5 g/100 ml), KsHPO, (0.3 

g/100 ml) and the reagent as shown below. Medium (50 ml) 

and commercial pressed yeast (1.0 g) were incubated at 35 C. 

The rate of fermentation was determined by Slator’s (1906) 

method during the initial 20 to 60 minute period. 


pH of Medium 


Concen Rate of Fer 
Reagent tration mentation 
Initial Final 
00 on mg glucose/100 

100 ml al min 
Acetaldehyde 0 1.8 Approx 4.0 12.7 
0.1 S.S 
0.25 3.0 
0.5 er 
1.0 1.0 
Acetaldehyde 0 7.0 5.3 9.0 
0.1 1.9 6.8 
0.25 5.6 2.8 
- 0.5 5.9 1.4 
1.0 6.2 1.0 
Acetaldehyde 0 4.8 | Approx 4.0 12.4 
sodium bi- 5 8.9 
sulfite 10 5.4 
compound 18.8 0.8 


[VoL. 5 
sulfite to sulfate takes place. There is also loss of free 
bisulfite by combination with acetaldehyde. In yp. 
aerated cultures, however, the effect of sulfite-bisulfite 
is clearly defined and growth ceases when the sulfite 
equivalent concentration is raised above 3.0 ¢/100 ml 
at pH 6.7. pH has an important influence on viability 
and fermentation rate in the presence of sulfite-bisulfite 
since this factor determines the relative proportions of 
sodium sulfite and the highly toxie bisulfite component 
in the mixture. Acetaldehyde and acetaldehyde-sodiun 
bisulfite compound, products of the sulfite fermentation, 
were shown partially to inhibit: yeast fermentation of 
glucose, although Tomoda (1928) states that the bi- 
sulfite compound had no injurious effect on fermenta- 
tion except in alkaline media. 

The inhibition of the activities of the yeast cell by 
sulfite-bisulfite stimulates interest in the question of 
isolation of sulfite-resistant strains. Earlier workers 
have suggested that use of yeast cultures which had 
previously been grown in the presence of sulfite-bisul- 
fite led to improvement in the sulfite fermentation. 
They referred to such cultures as “sulfite-acclimatized,” 
One of the aims of the present work was to make a 
critical assessment of these claims. It has been assumed 
that if any advantageous changes had taken place asa 
result of sulfite-acclimatization, which would be of 
value in carrying out the fermentation on a technical 
scale, they would have been evident in their effect on 
one or more of the following criteria: (a) vield of glye- 
erol in terms of hexose fermented, (b) rate of fermenta- 
tion of glucose in presence of sulfite, and (c) rate of 
growth in presence of sulfite. Experiments on criterion 
(a) are reported by Freeman and Donald (1957). It 
does not follow that strains aceclimatized to give in- 
creased fermentation rates (b) would necessarily also 
have increased growth rates in the presence of sulfite- 
bisulfite (¢). Production and maintenance of sulfite-re- 
sistant strains would necessitate the presence of sulfite: 
bisulfite at every stage since if a genetically mixed 
culture were grow in absence of sulfite-bisulfite the 
nonacclimatized would be expected to outgrow the 
sulfite-resistant cells. This raises an important exper- 
mental difficulty as none of the strains so far examined 
grew in unaerated media containing sulfite equivalent 
concentrations exceeding 3 g/100 ml. Growth took 
place in aerated cultures but this observation is ascribed 
to reduction of the free sulfite equivalent concentration 
by oxidation to sulfate. 

A further possible method of acclimatization 
yeasts to ferment in the presence of sulfite-bisulfite was 
Baillie, i 
experiments undertaken in collaboration with Professot 
G. Pontecorvo, F.R.S.; part of the work was carried 
out in the Department of Genetics of Glasgow Univer 


investigated by our colleague, Mr. A. J. 


sity and the authors wish to acknowledge the clos 


cooperation of Professor Pontecorvo. The method em- 
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ployed was a modification of that of Spiegelman et al. 
(1944), originally used for detection of galactose- 
fermenting cells in yeast populations. Yeast colonies, 
embedded between two layers of agar, were grown in 
Petri dishes. The media contained relatively high 
concentrations of sulfite-bisulfite at pH 6.7 in order to 
determine the presence of cells which fermented under 
these conditions and provide a means of isolation. A 
colony which produced vigorous fermentation was 
readily distinguished by the typical starshaped crack 
produced in the agar in the immediate neighborhood. 
The tests were carried out with a ‘‘Yeastrel’’-peptone- 
agar medium containing sulfite equivalent concentra- 
tions of 0.5 to 10 g/ 100 ml. Independently of the sulfite 
concentration, in this range, 90 to 99 per cent of the 
colonies fermented under these conditions and gave 
starshaped colonies. It was concluded that cells adapted 
to ferment in the presence of high sulfite equivalent 
concentrations were not detectable by this means. 

We have failed to find any evidence of production of 
yeast strains acclimatized to ferment hexose in the 
presence of sulfite-bisulfite by any of the methods in- 
vestigated. It is concluded that even if it were possible 
by techniques not yet known to develop such strains, 
their importance in technical scale fermentations would 
be very limited as yeast growth is powerfully inhibited 
in the presence of these reagents in propagation media. 
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SUMMARY 


In unaerated media, growth of Saccharomyces cere- 
visiae Was powerfully inhibited by sulfite-bisulfite. At 
pH 6.7, no growth took place in the presence of sulfite 
equivalent concentrations exceeding 3.1 g/100 ml and 
virtually none in the range 2 to 3.1 g¢/100 ml. 

The viability of yeast in the presence of 3.5 g/100 ml 
sulfite equivalent is dependent upon pH. Maximum 
viability was observed in the range pH 8 to 8.5 and 
the toxicity of these reagents increased sharply at pH 
values below and above this. 

Rates of fermentation of glucose in the presence of 
sulfite-bisulfite were determined by rate of fall of sub- 


strate concentration. The initial rate of fermentation 
of glucose by yeast was halved by addition of a sulfite 
equivalent of 1.0 to 1.5 g/100 ml. In the presence of a 
sulfite equivalent concentration of 3.0 ¢/100 ml, the 
optimal rate of fermentation of glucose, both in syn- 
thetic and molasses media, was at pH 7.5 to 8.0. The 
rate of fermentation of glucose was inhibited by pro- 
ducts of the sulfite fermentation. Acetaldehyde was 
much more toxic than acetaldehyde-sodium bisulfite 
compound. The former reduced the initial fermentation 
rate of glucose by one-half at a concentration of 0.1 to 
0.25 g/100 ml and the latter at a concentration of 
approximately 10 g/100 ml. 

None of the methods investigated led to the isolation 
of yeast strains adapted to increased growth or more 
rapid fermentation in the presence of sulfite-bisulfite. 
It is concluded that the use of ‘‘sulfite-acclimatized”’ 
yeast cultures leads to no advantages in the sulfite 
fermentation. 
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In addition to the modified yeast fermentation of 
hexoses in the presence of sulfites and bisulfites, which 
is characterized by dissimilation of a proportion of the 
hexose molecules by Neuberg’s second form of fermen- 
tation, glycerol formation is also stimulated by alkalis 
and alkaline salts. In this case fermentation is in ac- 
cordance with Neuberg’s third equation. This method 
is frequently referred to as the ‘talkaline fermentation 
’ and is associated with the work of Eoff et al. 
(1919), in which media based on blackstrap molasses 


process’ 


and other sources of sugars were fermented in the 
presence of sodium carbonate. The alkaline fermenta- 
tion route to glycerol was also studied in Germany 
during World War I by Neuberg and Farber (1917), 
Neuberg and Hirsch (1919a, b) and Neuberg et al. 
(1920). Experiments on dissimilation of glucose at 
controlled pH values in the presence of ammonium 
hydroxide and sodium hydroxide, respectively, are 
described by Neish and Blackwood (1951). The rate of 
fermentation showed a broad optimum from pH 4.0 to 
6.6 and as was expected from previous work the yield 
of glycerol and acetic acid increased with increase of 
the pH. 

Further experiments in the presence of alkalis are 
reported in the present paper. Development of an im- 
proved method of glycerol determination has made it 
possible to carry out an appraisal of the yields of ethanol 
and glycerol from a large number of yeast strains, in 
relation to the theoretical yields. The pH changes in 
the fermenting media have been studied and correlated 
with the corresponding variations during the course of 
fermentations in the presence of sulfites and bisulfites. 
Dissimilation of acetaldehyde, in the presence of alkali 
and of yeast cells, has been investigated. 


EXPERIMENTAL METHODS 
General Fermentation Technique 


The general procedure was similar to that described 
by Freeman and Donald (1957a). The fermentation 
medium was based on diluted Cuban blackstrap molas- 
ses and contained reducing sugars, 16 to 22 g/100 ml 
as invert disodium hydrogen phosphate, 0.25 
¢/100 ml, and ammonium sulfate, 0.14 ¢/100 ml. The 
pH was adjusted to pH 6.8 by addition of sodium car- 


sugar, 


bonate solution. The yeast inoculum was prepared by 
the method previously described. Koff et al. (1919) sug. 
gested that ‘tacclimatization” of the yeast culture to 
growth in the presence of sodium carbonate led to im- 
proved fermentations. In preliminary experiments, 
growth of yeasts in the presence of alkali (1.2 g Na,CO, 
per 100 ml of inoculum medium) was found to be 
without significant effect on the kinetics of the subse- 
quent fermentation or yields of products. 

The fermentations were carried out in stainless steel 
vessels, containing initially 7 L of solution and main- 
tained at 30 C in thermostatically controlled water 
baths. After inoculation the medium was aerated with 
air (4 vol/vol/hr) for 0.5 hr to promote yeast growth. 
Vigorous visible fermentation was allowed to develop 
(3 to 4 hr) before additions of steering reagent were 
begun. In the standard procedure, sodium carbonate 
(30 g¢/100 ml solution) was added at intervals in a series 
of 5 unequal portions (as recommented by Koff et al. 
1919) to give a total dosage of carbonate equivalent to 
30 per cent (as NasCO;) of the weight of fermentable 
sugars. Visible fermentation was inhibited for a period 
after each addition of alkali and vigorous fermentation 
was allowed to become re-established before further 
additions were made. After the final addition, fermen- 
tation was allowed to proceed to completion, as de- 
termined by periodic determination of reducing sugars. 
Normally, fermentation was complete in 4 to 5 days. 


Analytical Methods 


Determinations of pH, reducing sugars, ethanol, 
acetic acid, and yeast cell counts were as described by 
Freeman and Donald (1957a). Acetaldehyde was de- 
termined by Ripper’s (1900) method. Glycerol deter- 
minations were made by the chromatographic-periodate 
method of Sporek and Williams (1954). (The kerosene 
distillation method described by Freeman and Donald 
(1957a) also gave consistent values, which were, how- 
ever, 8 per cent low.) 


Effect of Yeast Strain on Yields of Products 


The yields of products from fermentations in the 
presence of sodium carbonate varied widely with the 
nature of the yeast strain. A total of 41 strains, includ- 
ing wine yeasts, brewers’ and distillers’ yeasts, was 
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examined. Nine of the cultures were grown from single this respect. Three strains, B.75/1, B.75/2 (culture) 
cell colonies isolated from a local brewery yeast (strain from single cell colonies of a Californian wine yeasts, 
8.63 in the laboratory collection). Data from a series and B.92 (distillers’ yeast) gave the highest observed 
of representative fermentations are summarized in glycerol yield of 24.2 per cent with correspondingethanol 
table 1. Glycerol yields varied from 10.5 to 24.2 per yields of 28.7 to 32 per cent, as compared with the theo- 
cent (in terms of total fermentable sugar) and the cor- retical values of 31.3 to 31.8 per cent. Several other 
responding ethanol yields from 36 to 27 per cent. The strains gave glycerol yields of 20 to 23 per cent. A 
observed ethanol yields were compared with the cor- number of strains, not included in table 1, gave very 
responding theoretical values by the following method. slow and incomplete fermentations in the presence 
On the assumption that the whole of the hexose mole- of alkali; these included tokaz, sauterne and Herrliberg 
cules were fermented in accordance with either equa- wine yeasts and a mead yeast. 
tion (1) or (2), a graph (not reproduced here) was 
drawn relating the yields of glycerol, ethanol and acetic Effect of Mode of Addition of Sodium Carbonate 
acid. Addition of sodium carbonate, equivalent to 30 per 
CsHpO, = 2C.H;0OH + 2CO, (1) cent of the fermentable sugars, to the fermenting 
H»Oe + HO liquor at the stage when vigorous visible fermentation 
24H.O, + CH,COOH + CsH,OH + 2C0, (2) was first observed raised the reaction of the medium to 
pH 9 and caused irreversible inhibition of fermentation. 
The observed glycerol yield (in terms of total fer- Addition of the carbonate in a series of portions was 
mentable hexose) was converted to terms of hexose therefore necessary. Eoff et al. (1919) recommended 
irmented by dividing by the observed attenuation. that this should be done in five parts of the solid corre- 
The corresponding theoretical ethanol yield was ob- sponding to 0.125, 0.187, 0.313, 0.25, and 0.125 of the 
tained from the graph and converted to the same basis total. The following methods of sodium carbonate 
as the observed ethanol yield by multiplying by the (Na2COs) addition have been investigated: (a) 15 equal 
attenuation value. Observed ethanol yields were, in portions of solid at intervals of 0.75 to 1 hr, (b) the same 
general, 2 to 5 per cent lower than the theoretical values as 30 per cent (wt/vol) solution, (c) five unequal por- 
calculated from the corresponding glycerol yields, tions of solid and (d) the same as 30 per cent (wt/vol) 
although different yeast strains varied considerably in solution. In all cases, vigorous fermentation was 


TABLE 1. Influence of yeast strain on time to completion of fermentation and yields of products 





Nature and Source of Yeast Culture Observed Yields 
_ (Per Cent of Theoretical Time to Reducing 
Fermentable Hexose) Ethanol (Completion of Sugar 
Laboratory Description ener ei eae Yield Fermentation | Attenuation 
Collection No. Glycero! | Ethanol 
Wi days w// 
B.63 Brewers’ yeast Local brewery 20.6 28.3 34.2 d 97 
B.63/1 Single-cell isolate from B.63 23.1 29.4 3)32 5 95 
B.63/3 Single-cell isolate from B.63 19.1 30.7 33.1 5 93 
B.63/9 Single-cell isolate from B.63 16.4 32:0 3i.0 4 97 
B.75/1 Single-cell isolates from Californian N.C.T.C., No. 2404 24.2 28.7 31.3 5 97 
B.75/2 wine yeast 24.2 29.6 31.3 5 97 
B.90 Saccharomyces cerevisiae Hansen N.C.Y.C., No. 82 10.5 | 9.9 41.8 7 97 
Carlsberg strain | 
B.92 S. cerevisiae Hansen, distillers’ N.C.Y.C., No. 90 y 7) 32.0 31.8 5 98 
veast 
B.105 Brewers’ yeast C.R., No. 49 14.5 30.8 35.1 8 90 
B.111 Super attenuative strain from C.R., No. 33 23.0 | 30.1 31.7 5 96 
brewers’ yeast 
B71 Industrial alcohol distillery yeast by ee 33.2 38.8 4 96 


The fermentations were carried out by the standard method. Total sodium carbonate addition was 30 per cent of the ferment- 
ible sugar. Initial reducing sugar concentration was 20 g/100 ml as invert sugar. The method of calculation of the theoretical eth- 
inol yield is described in the text. N.C.T.C. = National Collection of Type Cultures. N.C.Y.C. = National Collection of Yeast 
Cultures. C.R. = Cultures received from Dr. C. Rainbow, Department of Applied Biochemistry, The University, Birmingham. 
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allowed to become established before a further addition 
was made. The comparisons were made with yeast 
strain B.71. They showed that addition of sodium 
carbonate solution instead of the solid in five unequal 
portions had no significant effect on the kineties of 
fermentation other than a slight increase of glycerol 
vield. Similarly, addition of the steering reagent in 15 
equal portions, either as solid or solution, did not signif- 
icantly affeet the kinetics of fermentation or yields of 
products as compared with addition in five unequal 
portions. The pH changes in the fermenting solutions 
were, however, markedly dependent on the mode of 
addition of the reagent. The curves in figure | show the 
effect on the pH of the fermenting medium of addition 
of sodium carbonate (a) in 15 equal portions, total 
dosage 30 per cent mean of experiments with solid and 
dissolved reagent, which did not differ significantly, (b) 
in 5 unequal portions of the solution, total dosage 30 
per cent. In (a) the pH of the fermenting liquor rose 
smoothly from pH 6 to pH 7.5 and finally rose to pH 
7.6 to 7.8 in the concluding stages of the fermentation. 
When the carbonate was added in large portions, the 
pH of the medium increased rapidly to a peak, which in 
one case Was as high as pH 8.2, and then fell again to 
pH 7.0 to 7.3, before the next alkali addition. The 
equilibrium pH at the completion of fermentation was 
not markedly affected by the mode of addition of the 
alkali. Corresponding curves were obtained when the 


total dosage was 50 per cent. 


Effect of Sodium Carbonate Dosage 


The effect of variation of the dosage of sodium 
carbonate was Investigated in a series of fermentations 
in which the dosage was varied between zero and 49 
per cent, based on fermentable sugar (table 2). Two 
fermentations were carried out at zero carbonate dos- 
age, one in which the initial pH was 5.2 (corresponding 
approximately to that of industrial ethanol fermenta- 
tions) and the other with an initial pH of 6.6 (cor- 
responding to the remainder of the series). Glycerol 
and acetic acid yields increased with increase of car- 
bonate dosage, whereas that of ethanol decreased pro- 
gressively. The time to completion of fermentation also 
increased markedly at alkali dosages above 40 per cent. 
Sodium hydroxide and sodium bicarbonate were also 
examined as steering reagents but showed no advan- 
tages as compared with the carbonate. 


Effect of pH and Presence of Yeast Cells on the 
Dismutation of Acetaldehyde 
(a) Effect af pH in absence of yeast cells. The rate of 
dismutation of acetaldehyde in dilute aqueous solutions 
Was investigated at pH values 3.4 and 8.1. Aqueous 
acetaldehyde solutions (1.1 g/100 ml, pH 3.4, 200 ml) 
were incubated in stoppered flasks at 35 C for 6 days. 
Similar solutions were adjusted to pH 8.1 by addition 
of NaOH and incubated. No detectable loss of acetalde- 


FREEMAN AND G. M.S. 


hyde occurred at pH 3.4, but at pH 8.1 
concentration had fallen to 0.8 g/100 ml 


DONALD 


IVOL, 5 


aceta Idehyde 
after incuba. 


tion and the ethanol concentration was 0.5 g¢/100 ml. 


(b) Dissimilation in the presence of yeast. To fou 


acetaldehyde solutions with initial concentrations. of 
0.1, 0.15, 0.20 and 0.50 ¢/100 ml at pH 8.0 (500 m)) 
was added commercial pressed yeast (10 2) and the 


suspensions were incubated at 30 C for 48 hr. pH values 


and acetaldehyde concentrations were determined aj 
intervals (table 3). Although the pH of the solutions 
quickly fell to less than pH 4, rapid dismutation of the 


acetaldehyde took place. In a similar experiment in 


which the reaction of the medium was restored to pH 


8.0 by addition of sodium hydroxide at hourly intervals 


the rate of dissimilation of acetaldehyde was slightly 


increased, 
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yields of products with sodium carbonate 


dosage 


Yields of Products (Per Cent of 


Sodium 
Carbonate 
Dosage t 
Glycerol 


0 5.1 
Ot 6.5 
5 15.1 
10 17.1 
20 19.8 
25 18.4 
30 22.0 
35 21.4 
10 20.2 
15 23.3 
19 22.0 


Fermentable Hexose) 


Ethanol poy 
41.2 1.8 
39.0 3.0 
38.5 3.5 
36.5 1.2 
32.7 5.1 
33.3 
32.2 5.7 
30.2 
29.8 
28.9 
24.4 


Time to Com 
pletion of 
Fermentation 


hi 
144 
144 
120 
120 
120 

97 
120 
100 
121 
295 


295 


Reduc ing 
Sugar 
Attenuation 


( 
( 


94.3 
98.1 
96.5 
97.7 
97.7 
100 
98.4 
98.2 
97.4 
94.6 
78 


In a series of fermentations the sodium carbonate dosag' 


was varied from zero to 49 per cent of the total fermentabl 
sugar. Yeast strain B.63. Alkali additions were made in five 


unequal portions. 
* Initial pH 5.2. 
+ Initial pH 6.6. 
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hyde The experiment was repeated on a larger scale to and the corresponding values for the sulfite fermenta- 
ed permit determination of the reaction products. Calcium tion are 6.7 to 7.3. 
bees carbonate, as buffer, (200 g) and commerical pressed These observations lead to interesting speculations on 
| 0 veast (100 g) were added to an aqueous acetaldehyde the mechanism of the fermentation. The accepted inter- 
= “ lution (0.5 ¢g/100 ml; 5000 ml) and the mixture in- pretation of fermentation in alkaline media (Neuberg’s 
= cubated at 30 C with mechanical stirring to maintain third form of fermentation) suggests that acetaldehyde 
ou the yeast cells and buffer in suspension. As the reaction undergoes dismutation with oxidation of one molecule 
= proceeded further quantities of acetaldehyde were to acetic acid and simultaneous reduction of another 
in added at intervals to increase the concentration of molecule to ethanol (cf Werkman and Schlenk, 1951). 
ed products without exceeding an acetaldehyde concentra- Lawrie (1928) states that in alkaline media acetalde- 
. "TE tion of 0.5 g/100 ml, previously shown to permit yeast hyde is transformed to ethanol and acetic acid by a 
we fermentation of glucose without excessive inhibition Cannizzaro reaction. It is well known that conversion of 
sinks (Freeman and Donald, , 1957b). Reaction ceased after aromatic aldehydes takes place readily in the presence 
ightly jt hr with the death of the yeast cells but the experi- of strong alkalis with formation of equimolecular pro- 
* 7 ment was allowed to proceed for 120 hr. In a control portions of the corresponding carbinol and acid in 
experiment undertaken in’ parallel with a mixture accordance with Cannizzaro’s reaction, although ali- 
—— containing yeast, water, and calcium carbonate rela- phatic aldehydes do not readily undergo this reaction. 
tively small amounts of acetaldehyde, ethanol, and Iixperiments in which acetaldehyde was incubated at 
aceti¢ acid were produced by autolysis of the yeast and pH 3 and pH 8 for 6 days showed that there was very 
allowance was made for these. In the experiment little fall of aldehyde concentration in the alkaline 
acetaldehyde (32.0 ¢) underwent dismutation with medium and none at pH 3. In the presence of living 
4 | formation of ethanol (16.2 g) and acetic acid (15.3 g). yeast cells, however, rapid dismutation of acetaldehyde 
—* I The theoretical production of these products from took place with production of approximately equi- 
acetaldehyde (32.0 g) is ethanol (16.7 g) and acetic molecular proportions of ethanol and acetic acid. It is 
acid (21.8), which are in satisfactory agreement with the clear, therefore, that the conversion of acetaldehyde to 
quantities found. ethanol and acetic acid is due to an enzymic reaction 
: within the yeast cell and is not simply a chemical reac- 
Discussion tion undergone by an end product of the fermentation. 
Yeast fermentation in the presence of sodium car- A further point of interest is that, in the sulfite fermen- 
> ™ | bonate, as first described by Koff et al. (1919), is often tation where approximately the same pH range is 
| referred to as the “alkaline fermentation” of hexoses. involved, this mechanism does not appear to operate 
— Study of the pH changes during the course of the since acetic acid is not formed as an end product when 
< com. | fermentation showed that the pH values were unex- the sulfite dosage exceeds 50 per cent (of the ferment- 
pectedly low, particularly when the steering reagent able hexose) although about half of the acetaldehyde 
was added at 0.75 hr intervals. The pH values were of molecules escape fixation with bisulfite. The end prod- 
rbonat’ } the same order as those obtaining during the sulfite ucts of these fermentations may be dominated by the 
lermentation (lreeman and Donald, 1957a), and both relative rates of certain enzyme reactions which are 
; lermentations took place at pH values much more influenced by the pH of the medium and the presence 
‘arf alkaline than those of the normal alcoholic fermenta- of steering reagents. Experiments with isolated en- 
mF tion of hexose at pH 4 to 5. During the period of zymes under these conditions would be of interest. 
vigorous fermentation in the presence of the steering The relative proportions of hexose molecules fer- 
ait reagent the pH was in the range 7.1 to 7.4 (8 to 85 hr) mented by Neuberg ‘ 3 forms of fermentation in the 
08 | presence of various sulfite dosages were reported by 
06.5 EE ee meee Neer ol a l'reeman and Donald (1957a). By similar methods it 
97.7 i was established, from the data of table 2, that the 
97.7 oH Value Acetaldehyde Concentration following percentages of hexose molecules were fer- 
00 coal mented by the first and third routes when the sodium 
98 4 Ohr| thr | 4hr| 48hr| 0 hr | 1 hr | 24:hr | 48 hr : a itd ies “ ; : 
98 9 carbonate dosages were 0, 10, and 30 per cent: 
98.2 ¢/100 ml 
9.4 8.0 4.0 4.2) 3.9 | 0.10 | 0.05 | 0.01 | 0.01 
94.6 2 8.0 | 4.0! 3.8 | 3.8 | 0.15 | 0.10 | 0.04 | 0.01 Pe ee adbtats Vases us tomes 
e 3 8.0 | 4.0 | 3.8 | 3.8 | 0.20 | 0.14 | 0.03 | 0.01 Dosage - - 
daa 8.0 | 4.0 | 3.8 | 3.5 | 0.50 | 0.38 | 0.23 | 0.12 _ — —_ 
rentable : Te 
are Commercial pressed yeast (10 g) was added to four acetalde- o* 86.3 13.7 
hyde solutions (initial concentrations of 0.1, 0.15, 0.20 and 0.50 10 65.7 34.3 
£/100 ml) at pH 8.0 (500 ml). The suspensions were incubated 30 55.3 44.7 
at 35 C. pH values and acetaldehyde concentrations were 
determined at intervals. * Initial pH, 5.2. 
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SUMMARY 

The yields of products and kinetics of fermentation of 
41 strains of wine, brewers’ and distillers’ yeasts were 
compared in molasses fermentations in the presence of 
sodium carbonate. Glycerol yields varied from 10.5 to 
24.2 (in terms of total fermentable hexose) and the 
corresponding ethanol yields from 36 to 27 per cent, 
Cultures from single cell colonies of a Californian wine 
yeast and a distillers’ yeast gave the highest. glycerol 
and ethanol yields of 24.2 and 29 to 32 per cent, re- 
spectively. The yields of ethanol closely approached the 
corresponding theoretical values of 31 to 32 per cent. 

Increase of sodium carbonate dosage from 0 to 30 per 
cent (in terms of total fermentable sugar) gave a 
progressive increase in yields of glycerol and acetic 
acid and a corresponding decrease in ethanol yield. 
pH changes during the fermentation were studied. 

The effect of pH and presence of yeast cells on dismu- 
tation of acetaldehyde have been investigated. When the 
aldehyde was incubated for 6 days at pH 8 there was 
very little fall of concentration and none at pH 3. In 
the presence of living yeast cells, the aldehyde was 
rapidly dissimilated with production of approximately 


equimolecular proportions of ethanol and acetic acid. 
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Microbiological Process Discussion 


Calculation of Heat Sterilization Times for Fermentation Media 
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Sterilization of nutrient media is an operation 
essential to all industrial fermentation processes re- 
quiring pure culture maintenance. Methods for steri- 
lizing nutrient media include 1) heating, 2) filtration, 
3) irradiations, 4) sonie vibration, and 5) exposure to 
chemical agents. Because heating the medium, usually 
by steam, is the most reliable and on a large scale the 
easiest to control, it is the method of choice throughout 
the fermentation industry. The increasing availability 
of radioactive isotopes undoubtedly will stimulate 
further study of the use of gamma radiation for sterili- 
zation. However, a great deal of work is needed before 
commerically feasible gamma ray applications will be 
used in the fermentation industry. The other methods, 
although successful on a laboratory scale, present too 
many operational drawbacks for large-scale use in 
fermentation processes. 

How long should a nutrient medium be exposed at 
high temperatures to achieve sterile conditions? This 
question arises often and usually is answered in bench- 
scale or pilot plant tests. Improper translation of these 
test results with large equipment may subject the 
medium to unnecessary overheating. A method by 
which minimum exposure time to achieve sterile condi- 
tions can be calculated from easily obtainable thermal- 
death relationships and the temperature conditions in a 
heat sterilization process is presented in this paper. The 
method can be used to correlate sterilization conditions 
among various sized fermentation vessels. It also per- 
mits evaluation of the temperature and retention time 
relationship in continuous sterilizers. It need not be 
restricted to fermentation processes, but should be 
applicable to any process involving a heat sterilization 
or pasteurization operation. 


Thermal Resistance of Microorganisms 


The ability of microorganisms to withstand heat is 
much greater than that of other forms of life. Thermo- 
philes capable of even tolerating common heat sterili- 
zation conditions, such as exposure to steam at 250 F 
for 20 to 30 min, exist. Their occurrence in nutrient 
media, however, is rare. Relative resistances of several 
microorganisms tc moist heat are shown in table 1. 
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Bacterial spores are by far the most heat resistant forms 
of microorganisms. 

The thermal resistance of bacterial spores is in- 
herently different among species and even among strains 
of the same species. Besides thermal resistance inherent 
to spores of a particular species, variations can be caused 
by a number of environmental factors. These can be 
generalized into two groups: 1) environmental factors 
affecting sporulation prior to sterilization, and 2) 
environmental factors affecting spores during the 
sterilizing heat exposure. The most important factors 
in nutrient media sterilization fall in the latter category 
and include factors such as the pH during sterilization 
and the osmotic nature of the media. The presence of 
suspended solids also affects sterilization by physically 
insulating spores from heat exposure. 


Thermal-Death Relationships of Bacterial Spores 


Because bacterial spores are the most heat resistant 
forms of microorganisms, their germinated cells are the 
most frequent contaminants encountered in industrial 
fermentations due to improper sterilization. The ensuing 
discussion will deal, therefore, with the thermal-death 
relationships of these forms. Relationships between the 
number of viable spores and exposure time to heat 
demonstrate a logarithmic rate of spore viability de- 
struction. Two typical survivor curves for spores of 
Bacillus stearothermophilus strain 1518, an organism 
often used for sterilization studies in the food industry, 
are shown in figures 14 and 1B. These curves were 
obtained in buffer solutions and would differ from their 
respective curves in other media. Spore destruction at 
the higher temperature is more than 400 times faster 
than at the lower temperature. 


TABLE 1. Relative resistances of microorganisms to sterilization 
by moist heat* 





Organism ——— a 
esistance 
Escherichia coli. .......... nese : 1 
Bacterial spores... ......-.66 66. 3,000,000 
PE AONE onc 6 a FES 5 se Rudess rap 2-10 
Viruses and bacteriophages............ 1-5 


* Rahn (1945). 
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The curves in figures 1A and 1B represent first-order 
reactions, Where the rate of spore destruction is directly 
proportional to the number of surviving spores. This 
can be described mathematically as follows: 


dN 


10 (1) 
dé 


where N is the number of surviving spores in the volume 
under consideration, @ is the time of exposure, fi is a 


dé 


. ( . 
velocity constant, and is the rate of spore destrue- 


tion. 

By integrating this equation, it ean be modified to a 
form that can be used to calculate the time for steriliza- 
tion at a particular temperature where the velocity 
constant, 4, is known. Then, 


2H, ] 
0 log 


(2) 
I: 


where V; is the number of particular spores at the start 
of the heat exposure and No» is the number of the same 
spores surviving at any time, 6, after exposure has 
started. NV. 
but practically this does not matter. For destruction of 


in this relationship can never reach zero, 


spores with only one chance in one hundred of failing to 
destroy all spores, Ne should be set equal to 0.01. 
Higher degrees of confidence result. from smaller values 


of No. 


In a given environment the velocity constant, /, for 


——— 






A) TEMPERATURE 220 F. 
REORAWN FROM DATA 
OF BALL (1943) 
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spores of a particular species will be a function of 
temperature only. It will behave similarly to other velo- 
city constants in its relation with temperature, quantita- 
tively expressed by the empirical Arrhenius equation 
as follows: 


5) 


where A is a proportionality constant, Ris the gas 
constant, 7 is the absolute temperature, and yw is an 
apparent activation energy for heat destruction of the 
spores. No theoretical significance need be attached to 
this equation for this discussion, The conformity of 
many destruction rates to the Arrhenius equation 
provides sufficient Justification for its generalization 
here. In logarithmic form, equation 38 may be written 
as follows: 


log i 


m 
lon A | 
23RT + 18 “ 


lor all practical purposes, log A may be treated as a 
me +b 


2 The significance of the term, log 1, is evident from exami- 
nation of the Eyring rate equation, See Johnson ef al. (1954), 


constant.” Then equation 4 is of the form y 


AS er ; 
It includes an entropy term, = which in cases of spore de- 


i 
struction is quite large. Occasionally, values of AS along with 
values of w are listed for thermal spore destruction. This com- 
pletely defines the velocity constant, 4, as a funetion of tem 
perature, 


10° 






B) TEMPERATURE 268.7 F. | 
REORAWN FROM DATA 
OF STERN AND PROCTOR (1954) | 
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Fig. 1. Survivor curves for spores of Bacillus stearothermophilus strain 1518 at two different temperatures 
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: - 
and a plot. of log / versus T for spores of a particular 
species in a given medium should yield a straight line 


having a slope equal to — A typical plot is shown 


mM 
2.3RT" 

in figure 2. Such plots are constructed by determining 
the velocity constant, /, at at least two temperatures. 
If there is doubt that the kinetics of the spore destruc- 
tion are such that the velocity constants are not related 
to temperature as in the Arrhenius equation, more k 
values should be determined. The subsequent treat- 
ment is not affected by another relationship, as long as 
it is known. lor spores of B. stearothermophilus strain 
1518, characterized in figure 2, the activation energy 
for destruction is 67.7 Keal/mole. Activation energies 
and entropies for thermal destruction of other bacterial 
spores are listed in table 2.8 


Batch Sterilization 


The most common method of heat sterilizing nutrient 
media is the batch method. The medium ingredients are 
charged directly into the fermentor. The fermentor and 
medium are sterilized by heat transferred across the 
jacket: and, or coil surfaces from condensing steam. 
Fermentors are usually of the geometric design shown 
in figure 3. The heat transfer surfaces are marked in 
figure 3 by heavy lines. The medium is agitated and 
often steam is injected directly into the medium 
through the air sparger to speed up the sterilization. 


Various other terms commonly are used to describe ther- 
mal behavior of bacterial spores during heat sterilization, 
especially in the food industry. The terms used in this article 
are consistent with those used in chemical reaction kinetics. 
Some other terms and their relationship to the velocity con 


stant, A, are tabulated for reference purposes. 


Term Relation Definition 
0 ky The ratio of the velocity constant at a 
Tees particular temperature to the veloc 
ity constant at a temperature ten 
degrees lower. This ratio is often 
falsely assumed constant over the 
entire temperature range. It dimin 
ishes as temperature is raised 
Two synonymous terms representing 
k the time required for 90 per cent de- 
2.3 struction of a spore population at a 
h particular temperature, often called 
the decimal reduction time 


Thermal death time, a term attached 
V2 to the time required for ‘‘complete”’ 


a 


'DT : “3 log * 


destruction of spores in a particular 
environment. Algebraically, — this 
term is meaningless unless Ne» has 
some finite value 


as above | The thermal deatb time at 250 F 
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Injection of steam introduces some dilution to the 
medium, but this is taken into account during batch 
make-up prior to sterilization. 

Batch sterilization conditions are often specified as a 
holding period at a certain temperature. The heat 
effects involved during the time required to reach the 
desired sterilizing temperature and the time required in 
cooling down from this temperature are usually neg- 
lected. In large-scale equipment, the rising and falling 
temperature portions of the heating cycle are much 
longer than the constant temperature portion. 

Figure 4 compares actual fermentor heating cycles for 
various sized vessels. Note that 110 TF is the starting 
temperature for the heating cycle. Batch make-up using 
warm water can save considerable time in the solution 







BASED ON DATA FROM 
FIGURES I-A AND I-B 


3 


A= 67,700 CAL 


VELOCITY CONSTANT 


k 
3, 
—_————_* 


ial a | 


a 


000135 000137 0.00139 0.00141 0.00143 0.00145 0.00147 0.00149 


+ RECIPROCAL TEMPERATURE x 


Fic. 2. Effect of temperature on the velocity constant for 
destruction of spores of Bacillus stearothermophilus strain 
1518. 


TABLE 2. Activation energies and entropies for first order 
degradation of B-complex vitamins and death of bacterial 
spores 


Energy 


Vitamin or Bacterial Spore aed 


cal/mole | cal/mole K 
Folie acid. 


Bed Sid wi etiens <P 16,800* = —14.17 
d-Panthotheny] alcohol. . 21 ,000* 5.lF 
Cyanocobalamin.......... 23 , 100* 2.2f 


Thiamine hydrochloride. ... 26 ,000* 11.47 
Bacillus stearothermophilus strain 1518 67 ,700 105 
Putrefactive anaerobe NCA 3679 72,400f 123t 


Clostridium botulinum. . 82,100f  160t 


* Garrett (1956). 
+t Caleulated from data of Garrett (1956). 
t Levine (1956). 
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of batch ingredients and in heating time. If water at 
50 F were used in batch make-up it would have taken 
an additional 30 min to heat the medium in the 15,000- 
gal fermentor to 110 F. In order to avoid extending the 
graphs unduly, 110 F was used as the finishing tempera- 
ture. Actually, temperatures below 200 F have little 
effect on the sterilization. 

All the vessels characterized in figure 4 are reasonably 
geometrically similar. Because of this congruency, the 
heat transfer area per unit volume decreases as vessel 
size increases. Also, since the vessels operate at similar 
power input per unit volume levels, the heat transfer 
coefficient also decreases as vessel size increases. This 
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explains the different shapes of the heating cycles jn 
figure 4. Coils are added to larger fermentors to provide 
additional heat transfer surface. Very often, too, the 
amount of steam directly injected into the medium 
per unit volume is increased for larger fermentors, De- 
spite this, however, the disadvantages of increased size 
are not fully compensated. 

Obviously, the rising and falling portions of the 
sterilization cycle contribute significantly to fermentor 
and medium sterilization, especially in larger vessels, 4 
method for determining the contribution of these 
portions to the sterilization is suggested through the 
use of the thermal-death relationships discussed earlier, 








EXHAUST AIR OUTLET 
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Fic. 3. Geometric design of large-scale fermentors 
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Fic. 4. Temperature rising and falling curves during sterilization of medium in various sized fermentors 
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The method involves a graphical integration of the 
velocity constant over these portions of the cycle. k is a 
function of 7’ as shown in figure 2 and described in 
equation 3. 7’ is a function of time, @, asdescribed by the 
heating cycle. Therefore, k is also a function of 6. An 
average value of / for each portion of the cycle can be 
obtained by graphically integrating k over the time 
period involved and dividing the integral by the time 
represented by the portion, as in equation 5 below. 


2 

: 6 | 
wie (5) 
Oo - A 


Rave = : 


It should be kept in mind that the heating cycle 
rising and falling curves for a vessel will vary with a 
number of factors. These include the liquid physical 
properties of the nutrient medium such as density, 
viscosity, thermal conductivity, and specific heat; 
extent of fouling of the heat transfer surfaces; amount 
and enthalpy of steam sparged directly into the me- 
dium; medium volume; temperature and 
enthalpy of the heating steam and temperature of 
the cooling water in the vessel coils and jacket. For a 


given process and given vessel these variables are 


charge 


maintained reasonably constant, and good replication 
in heating cycles occurs. 

The method is illustrated by way of the following 
hypothetical example. 

Example 1. A 15,000-gal fermentor containing 12,000 
gal of a penicillin production medium is to be sterilized. 
The medium contains 4 per cent corn steep liquor. Corn 
steep provides an excellent source of contaminating 
organisms. Laboratory checks have shown bacterial 
counts not exceeding 20 X 10° cells per ml in the 


028 


presterilized medium. For how long must the medium 
be sterilized at 250 F to be sure of sterilization in 999 
out of 1000 batches? 

Solution. For sake of illustration, assume the curve 
in figure 2 characterizes the most heat resistant bacterial 
spores in the penicillin medium. Also, let the heating 
cycle of the 15,000-gal fermentor shown in figure 4 
represent the heating cycle of the fermentor under 
consideration. 220 F is chosen as the minimum lethal 
temperature. This is an arbitrary choice, of course. 
Actually lower temperatures are lethal but their 
relative lethality is small and neglecting them does not 
introduce any significant error. 

Since the percentage of the laboratory bacterial 
count that is contributed by the most heat resistant 
spores was not determined, assume that the entire 
count was contributed by these spores. This is equiva- 
lent to adding a safety factor in the calculation. 

Then 


N, = (20 X 10° spores/ml) 
(3.78 X 10* ml/gal)(12 X 10° gal) 
= 9.07 X 10 spores 


The chance for failure has been set at one in a thou- 
sand so that N2 = 0.001 spore. 

The velocity constants at the temperatures along the 
rising portion of the sterilization cycle in figure 4 are 
determined from figure 2. These values are plotted 
versus the time corresponding to the temperatures 
along the cycle as in figure 5A. The procedure is re- 
peated for the falling portion of the cycle in figure 5B. 
Note that the time of each of these portions below 220 F 
is not shown on the figures. Graphical integration of the 
area under the curves in figures 5A and 5B, and solu- 
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Fic. 5. Velocity constant variation over rising and falling temperature portions of sterilization cycle 
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tion of equation 5, yields values of kyg for each of these 
portions of the cycle. For 29.5 min of the rising portion, 
Kave 18 equal to 0.0112 sec"! and for 13.2 min of the 
falling portion, kayg is equal to 0.0066 sec™'. 

Therefore, for portions of the heating cycle totalling 
42.7 min, a kaye of 0.0098 sec! can be used to calculate 
the contribution of these portions to the sterilization. 
Using equation 2, the population remaining if these 
two periods followed each other can be calculated. 

9.07 x 10" 
log — VY. 
_ (0.0098 see~’) (60 see /min) (42.7 min) 
2.3 


Ns = 1.14 X 10° spores 


The N» just calculated becomes the new NV, to be used 
in equation 2, this time to calculate the time the 
fermentor must be held at 250 F to reduce the popula- 
tion to the desired N2 of 0.001. 


2.3 i 1.14 Xx 10° 
(0.0265 sec) (60 sec/min) xa 


6 = 8.8 min 


TABLE 3. Time at sterilization temperature to achieve the same 
degree of sterilization in different sized fermentors 


Total Time of Heating 


Te . Cros ne at 250 F 
Fermentor Size Cycle Above 220 F Time at 250 I 


} 


ga min min 
50 28.0 17.5 
150 33.7 12.6 
1,500 41.3 11.3 
15,000 §1.5 8.8 


RAW INGREDIENTS 
WATER 
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Thus, only 8.8 min at 250 F are required for the 
sterilization of the fermentor. 

lor comparison, similar calculations have beep 
made for the other sterilization cycles depicted jy 
figure 4. The results are listed in table 3. As vessel size 
increases, the respective contributions of the rising and 
falling portions of the cycle increase, and consequently 
the time required at so-called sterilization temperature 
decreases. 


Heat Effects on Nutrients 


The time required for batch sterilization is not 
usually the optimum time of heating when product 
yield is considered. The thermal effects on nutrient 
quality of the medium must also be taken into account, 
Sometimes, productivity is increased by prolonged 
heating of the medium. In most media, however, the 
deleterious effects of extensive heating are more ap- 
parent than any beneficial effects, and overheating of the 
medium must be minimized. 

An easily destroyed nutrient quality might be any one 
of the B-complex vitamins. Vitamin degradation is 
known to occur rapidly at high temperatures. Al- 
though figures for vitamin destruction in fermentation 
media are not published, Garrett (1956) has studied 
vitamin stability at elevated temperatures in_ liquid 
preparations. He found activation energies of from 
16,800 to 26,000 calories mole for destruction of several 
B vitamins. The vitamins investigated by Garrett are 
listed with their activation energies and entropies in 
table 2. The activation energies and entropies for the 
vitamins are much lower than for the three bacterial 
spores also listed. 


STERILE 
MEDIUM 
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The conditions in a batch sterilization carried out at 
9530 F cannot always achieve sterilization without 
impairing nutrient quality of the medium. Higher tem- 
perature-shorter time batch sterilizations can be carried 
out, but fermentation vessels are usually limited to 
operation at not more than 30 psig (274 F) by design 
restrictions. 


Continuous Sterilization 


A sterilization method becoming increasingly popular 
and having several advantages over the conventional 
hatch sterilization is continuous sterilization. Contin- 
uous sterilization of media for riboflavin fermentations 
has been reported by Pfeifer et al. (1950) and for 
penicillin fermentations by Whitmarsh (1954). 

In one type of continuous sterilization, preheated 
unsterile medium passes through an injection heater in 
which steam is introduced. The vigorous and almost 
instantaneous mixing obtained raises the medium to 
sterilization temperature immediately. This tempera- 
ture is maintained for the required amount of time in an 
insulated retention tube through which the hot medium 
fows. A diagram of a typical continuous sterilizer is 
shown in figure 6. The hot medium passes through a 
heat exchanger where it is cooled to below its flash point 
asit preheats unsterile medium. Final cooling to process 
temperature is accomplished in the fermentor. 

The activation energy of bacterial spore destruction 
ismuch higher than the activation energy of simpler 
chemical reactions. It is, therefore, an advantage to use 
a high temperature-short exposure time sterilization 
operation whenever nutrient degradation occurs to the 
extent that it lowers the process yield. Continuous 
sterilization not only overcomes unfavorable nutrient 
destruction, but has a number of operational ad- 
vantages. Pfeifer and Vojnovich (1952) point out these 
advantages in an excellent paper on continuous sterili- 
zation. Operating conditions employed by these authors 
for continuous sterilization of several types of media 
are shown in table 4. In a batch sterilization, probably 


TaBLe 4. Operating conditions employed for 


continuous sterilization of media* 


Media Used Suspended Solids pH -——“_ Time 
% F min 


Riboflavin 1.8 corn steep liquor 4.5 | 275 4 


2 
4.5 | 325 13 


Cyanocobalamin .0 soybean meal 


and distillers’ 


solubles 
Acetone, butanol 1.8 ground corn 6.5 275 3 
Sodium gluconate 0.4 corn steep liquor 4.5 | 275 5 
Itaconic acid 0.2 corn steep liquor 6.1 300 5 
Fungal amylase 1.0 distillers’ sol- 5.0 325 13 


ubles and 


w 


.0 ground corn 


* Pfeifer and Vojnovich (1952). 


only those sterilizations at 275 F could be approached, 
if at all, in conventional fermentors. 

The calculation of sterilization conditions for con- 
tinuous operation is simplified by almost instantaneous 
rising time to sterilization temperature and a rapid 
cooling period thereafter. For this type of sterilization, 
only the velocity constants of the most resistant spores 
present in the medium and the total initial bacterial 
concentration need be known to perform the calcula- 
tion. Usually, in production operations the sterilizer is 
of a fixed length. Different retention times are achieved 
by controlled pumping. If temperature conditions are 
specified, the retention time can be calculated easily 
from equation 2. If process conditions dictate a certain 
flow rate, as may be the case in continuous fermenta- 
tions, any modification in sterilizer operation will have 
to be made temperature-wise. Consider the following 
example. 

Example 2. Process conditions are such that a reten- 
tion time of 5 min is required in the sterilization of a , 
sodium gluconate production medium containing 0.4 
per cent corn steep liquor. Plate counts of 3 x 106 
bacteria per ml in the presterilized medium have been 
determined in the laboratory. At what temperature 
should the sterilizer be operated to achieve a steriliza- 
tion having 99 per cent certainty of being successful? 
One hundred thousand gallons of medium are to be 
sterilized in this manner. 

Solution. For sake of illustration, the curve in figure 
2 again will be assumed as characterizing the most heat 
resistant spores in the medium. The initial population 
again will be assumed as entirely consisting of this 
species. 

Then 


(3 X 10° spores/ ml) 
(3.78 X 10° ml /gal)(1 & 10° gal) 
1.13 X 10!° spores 

Since one chance in one hundred was chosen as the 
margin of failure, N» is equal to 0.01. Knowing the re- 
quired retention time, equation 2 can be used to solve 
for the necessary velocity constant. 
2.3 1, 113 X 10° 
——— og « — = ad 
300 1 X 10° 


0.131 sec” 


The calculated value of k is used to read the required 


sterilization temperature from figure 2. For k = 0.131 
l , in — i 
see}, T = 0.1382. Thus, 7 = 724 R anda sterilization 


temperature of 264 F is required. 

To achieve the same sterilization at 250 F, a retention 
time of 24.8 minutes would be required. Figure 7 
illustrates the relationship between time and tempera- 
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ture to achieve the above sterilization. Also listed in 
table 5 are the relative effects of an adverse chemical 
reaction destroying a hypothetical vitamin during the 
sterilization, the degradation of which is characterized 
by an activation energy of 22.6 Keal/mole, one-third 
that of the activation energy for bacterial spore destruc- 
tion. Even for the retention time and temperature used 
in example 2, the vitamin was almost completely 
destroyed. Much of the vitamin quality can be retained, 
however, by higher temperature-shorter retention time 
sterilizations. 





| 
19°2— 


@ STERILIZATION TIME MINUTES 





-2 | ! i | | | 
0 
0.00129 000I3! 0.00133. 0.00135 0.00137 0.00139 0.00141 0.00I43 


| ! 
7 RECIPROCAL TEMPERATURE R 





Fic. 7. Time-temperature relationship to achieve the same 
degree of sterilization in a continuous sterilizer. 


TABLE 5. Time-temperature relationship and tts effect on vitamin 
content in a continuous sterilization 


Relative Retention of 


Temperature Time Original Vitamin 
Content* 
F min % 
250 24.8 0.0 
265 4.1 0.0 
280 0.72 2.3 
295 0.14 28 
310 0.029 64 


325 0.0061 89 


*k for vitamin destruction assumed equal to k for spore 
destruction at 250 F. 
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Design Method 


The use of well-known thermal behavior characteris. 
tics of bacterial spores and the temperature character. 
istics of the sterilization cycle in calculating the time 
for sterilization of fermentation medium has _ beep 
illustrated. This method offers an approach to the 
correlation of sterilization conditions among various 
sized fermentation vessels and between temperature 
and retention time in continuous sterilizers. The adyan- 
tages of continuous sterilization have been pointed out 
in a sterilization where nutrient damage occurs. 

The steps involved in calculating process conditions 
for sterilization operations can be summarized as 
follows: 

(1) Periodically determine the thermal-death relation- 
ship of the most heat resistant bacterial spore in the 
medium to be sterilized. 

(2) Determine the initial population concentration of 
the medium and choose a confidence level for the 
sterilization. An added safety factor is introduced by 
assuming that the total population consists entirely 
of the most heat resistant spores. 

(3) Caleulate the contribution to the sterilization of 
the rising and falling portions of the sterilization cyele; 
this step is unnecessary for steam injection type con- 
tinuous sterilizations. 

(4) Calculate the time required to hold the medium 
isothermally at the highest. temperature chosen for the 
sterilization. For continuous sterilizations, the time of 
exposure is often chosen, and calculations are carried 
out to find the required temperature. 


REFERENCES 


Bau, C. O. 1943 Short-time pasteurization of milk. Ind. 
ing. Chem., 35, 71-84. 

Garrett, E.R. 1956 Prediction of stability in pharmaceu- 
tical preparations. ITI. Vitamin stability in liquid multi- 
vitamin preparations. J. Am. Pharm. Assn., 45, 171-178. 

Jounson, F. H., Eyrtnc, H., ANp Pinissar, M. J. 1954 The 
Kinetic Basis of Molecular Biology, p. 220. John Wiley 
& Sons, New York, N. Y. 

LEVINE, S. 1956 Determination of the thermal death rate 
of bacteria. Food Research, 21, 295-301. 

PFEIFER, V. F., Tanner, F. W., Vosnovicu, C., AND TRatr- 
LER, D. H. 1950 Riboflavin production by fermentation 
with Ashbya gossypii. Ind. Eng. Chem., 42, 1776-1781. 

Prerrer, V. F. anp Vosnovicn, C. 1952 Continuous sterili- 
zation of media in biochemical processes. Ind. Eng. 
Chem., 44, 1940-1946. 

Raun, O. 1945 Physical methods of sterilization of micro- 
organisms. Bacteriol. Reviews, 9, 1-47. 

Srern, J. A. AND Procror, B. E. 1954 A micro-method and 
apparatus for the multiple determination of rates of de- 
struction of bacteria and bacterial spores subjected to 
heat. Food Technol., 8, 139-143. 

Wuirmarsu, J. M. 1954 Continuous sterilization of fermen- 
tation media. J. Appl. Bacteriol., 17, 27. 








A 
OXy$ 
Baci 
dete 
geni 
haus 
thai 
gray 
sult: 

A 
not 
rate 
exh 
of c¢ 
is lo 
very 
absc 
fern 
sup] 

H 
of e 
mer 
Hor 
“ba 
perc 
mig 

1 


Rose 


++ 





ris- 
ter- 
ime 
eel) 

the 
1Ous 
ture 
yan- 
out 


ions 


as 


i0n- 
the 


yn of 

the 
1 by 
irely 


mn of 
vele; 
con- 


dium 
r the 
ne of 
rried 


Ind. 


laceu- 
nulti- 
1-178. 

The 
Wiley 


h rate 


RAUF- 
tation 
81. 
sterili- 
Eng. 


micro- 
yd and 
of de- 


ted to 


ermen- 
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An investigation was undertaken to determine the 
oxygen absorption rates of a submerged culture of 
Bacillus anthracis at all stages of its growth cycle. The 
determination of oxygen absorption rates of a patho- 
genic fermentation such as this by analysis of the ex- 
haust gases seemed to present fewer technical difficulties 
than did those methods that depended upon polaro- 
graphic determination of dissolved oxygen. Some re- 
sults of this investigation are reported here. 

A survey of the literature would indicate that it is 
not usually practicable to determine oxygen absorption 
rates of a submerged fermentation from analysis of the 
exhaust gas and a material balance. The difficulty arises, 
of course, from the fact that, when percentage absorption 
islow, oxygen analyses and other measurements must be 
very precise to be significant. Finn (1954) states that 
absorption of oxygen seldom exceeds 2 per cent in 
fermentation processes. The data in table 1 seem to 
support this assertion. 

However, Hromatka and Ebner (1951) used analyses 
of exhaust gases to study the oxygen uptake of a sub- 
merged vinegar fermentation where air rates were low. 
Hoover et al. (1954) measured the oxygen uptake of a 
“balanced flora” by analyzing the gas phase for the 
percentage of oxygen and suggested that the method 
might be useful in most aerobic fermentations. Maxon 

‘Present address: Department of Chemical Engineering, 
Rose Polytechnic Institute, Terre Haute, Indiana. 


Conditions 


Organism 


Superficial air 


and Johnson (1953) analyzed the exhaust gas of a con- 
tinuous yeast fermentation for carbon dioxide and cal- 
culated oxygen uptake from these and other data. 

Roth et al. (1955) reported oxygen absorption data on 
sulfite solutions on a reciprocal shaker. They found 
that cultures of B. anthracis and Bacillus globigii 
(Bacillus subtilis morphotype globigii) aerated at sulfite 
values of 0.7 to 1.0 mg moles of oxygen per L per min 
completely sporulated in 24 hr. When subcultures were 
initiated at peak vegetative growth, rates of only 0.1 
to 0.2 mg moles of oxygen per L per min were required. 
for complete sporulation at 24 hr. 

This report gives oxygen absorption rates of a B. 
anthracis fermentation calculated from exhaust gas 
analyses. These data on a fermentation aerated by sub- 
merged orifices are compared with those of Roth et al. 
(1955) obtained by sulfite methods for shake flask 
fermentations. 

Reported here also are oxygen absorption coefficients 
determined by the sulfite method for the equipment 
used in this study. In these unbaffled vessels, agitation 
was furnished by air discharging from submerged ori- 
fices at supercritical pressure ratios (that is, at or above 
sonic velocities) (Perry, 1950). Data on two orifice de- 
signs are given. These coefficients are compared with 
those indicated by Roth’s data for shake flasks. Shake 
flask aeration and submerged orifice aeration are com- 
pared. 


TABLE 1. Oxygen absorption of several fermentations as reported by various investigators 





Oxygen Absorption Data* 


Oxygen Oxygen in exit 


Type of agitation velocityt ince bedt gas Investigators 
ft/min % % (vol) 

Bakers’ yeast Continuous fermen- ee 14.4 18.0 Maxon and Johnson (1953) 

tation, mechani- 

eal 
Yeast... Air 1.0 0.179-0.064 20.96-20.92 | Hixson and Gaden (1950) 
Streptomyces griseus Mechanical 12 0.895 20.78 Bartholomew e¢ al. (1950a) 
Penicillium chrysogenum Mechanical | Be 1.31 20.69 Bartholomew ef al. (1950b) 
Penicillium chrysogenum Mechanical 1.69 20.61 Rolinson (1952) 
Vinegar bacteria Air 80.9-42.5 12.0-4.0 Hromatka and Ebner (1951) 
Bacillus anthracis Air 2.25-2.91 28 .5-2.70 20.4-15.0 This paper 


* Calculated from data given in the indicated papers. 

, Volumetric air rate at average conditions of fermentation 
' Cross-section area of fermentor, ft? 
Fi Moles QO» in exit gas stream 


t —- 100. 
Moles O, in inlet gas stream 





, {t?/min 


= Superficial air velocity, ft/min. 
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Using sulfite absorption coefficients and fermentation 
oxygen absorption data, dissolved oxygen concentra- 
tions corresponding to peak rates of oxygen absorption 
are calculated. These concentrations are then the mini- 
mum which occur during the fermentation. They are 
compared with reported critical dissolved oxygen 


values. 
MATERIALS AND METHODS 


Organism used. The organism studied was a typical, 
chain forming, virulent strain of B. anthracis. 

Medium used. The medium employed consisted of 
the following: thiamine HCl, 0.0025 per cent; K2zHPO,, 
0.50 per cent; FeSO,, 0.001 per cent; MgSO,, 0.005 per 
cent; MnSO,, 0.003 per cent; CaCl, 0.005 per cent; 
autolyzed yeast, 0.67 per cent (dry basis); cerelose, 0.75 
per cent; sufficient hydrolyzed casein (by HSO,) to 
give a final total N» of 1.2 mg N» per ml; final pH 7.5. 

Method of seeding. Seeding was accomplished by 
building up from standard seed stock using an inoculum 
volume of 5 per cent (vol) in each step. The final seed 
step was transferred during the early part of its loga- 
rithmic growth phase. However, run no. 7 (tables 2, 3A; 
figures 4, 5) was seeded by a volume amounting to 0.01 
per cent. 

Cell and spore counting. Standard surface plate count- 
ing methods were used. Cell count was taken as the 
total viable count at the end of fermentation and spore 
count as the total viable count after heat shocking for 
25 to 30 min at 65 C. Tryptose agar was used as the 
plating medium. 

Methods of growing and aerating cultures. Sterilized 


air was used to aerate and agitate the medium. The air 





Fic. 1. Sharp-edged orifice and experimental orifice 
Fic. 2. Views of the experimental ‘‘shark tooth 


” 


orifice 


VOL. 5 


stream was applied to the medium through three syb- 
merged orifices operating at supercritical pressure 
ratios (Achorn and Schwab, 1948; Perry, 1950). Two 
types of orifices (figures 1 and 2) were tested, The 
superficial air velocities (Finn, 1954; Wegrich and 
Shurter, 1953) used in these experiments were in the 
range of 2.2 to 2.9 (ft/min). Fermentor head pressure 
was varied from 0 to 6 psig. The use of air enriched to 
51 per cent oxygen was tested to a limited extent. 

Method of determining oxygen absorption rates. Oxygen 
concentrations in the exit gas were determined using 
the Haldane-Guthrie Gas Analysis Apparatus’. 

Air rates were determined from calibrations of the 
submerged orifices and confirmed by rotometer read- 
ings (Leibson et al., 1955). In runs 10 and 12 (table 2 
and figure 6) oxygen was metered into the inlet gas 
stream from weighed cylinders whose weight was re- 
corded at 5-min intervals. Gas sample lines were flushed 
thoroughly before each sampling. Absorption solutions 
were checked frequently for efficiency. 

Oxygen absorption and carbon dioxide evolution 
rates were calculated as shown below. 

The following equation for calculating oxygen ab- 
sorption rates is found from material balances of N,, 
Oo and CO, across the fermentation (moisture in the air 
was neglected): 

L 1000 mg moles 


. Vo 
Wo, = — ~ 9220 — 
7 ee a * sea L 


x | 02007 1“ ( are ) :. | 
1.00 — Xo. ae X coz 
pie Vo - 
1263 &X P | 0200 
~ ) . (Xoo | 
Xco. 


( 0.79 
1.00 — Xo, — 


mg moles OQ. absorbed per L per min, 


(1) 


where Wo, 
Vy) = ft® air min, 1 atm.0C = (inlet air rate), 
V = vol media, L, 
Xo. = mole fraction O, in exit gas 
vol per cent O./ 100, and 
Neo, = mole fraction COs in exit gas 
= vol per cent CO./100. 


In runs 10 and 12, enriched air was used and the mole 
fraction of Os and N» in the inlet gas were modified 
accordingly. 

The analogous carbon dioxide evolution rate equa- 
tion is as follows: 

Woo, = 1263 X 4 


7 
| Xco, ( = 
: 1.00 — Xo, — 


(2) 


. ) ve 0.0008 | 
Xco» 


2 Fisher Scientific Company, Pittsburgh, Pa. Catalogue no. 


10-816. 
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where Weo, = evolution rate of CO. mg moles COs per 
L per min. 

When the respiratory quotient, (moles CO, out)/ 
(moles O» in), is unity, equations (1) and (2) simplify 
to equations (3) and (4), respectively. 


Wo, = 1263 X ! x [0.2097 — Xo,] (3) 


Weo 1263 X [Xco, — 0.0003] (4) 

An inspection of the tabulated data revealed that the 
correction factor, (0.79)/(1.00 — Xo, Xco,), for 
equations (1) and (2) was in the range 1.000 + 0.005. 
Therefore, in these calculations, equations (3) and (4) 
were used. In cases where oxygen absorption is low, 
and highly precise oxygen and carbon dioxide deter- 
minations are available, it would be worth while to use 
equations (1) and (2). Equipment limitations prevented 
complete oxygen absorption data from being taken on 
runs 8-12 (table 2 and figure 6). Scattered data indi- 
cated, however, that COs and O» bore the same relation 
to each other as in runs 1-6. 


Determination of Oxygen Absorption Coefficients by 
Sulfite Method 


Oxygen absorption rates were determined using 
0.5 XN NasSO: solution with 107° nN CuSO, as a catalyst 
(Bartholomew et al., 1950; Cooper et al., 1944). Air 
rates and batch volumes were varied to obtain coeffi- 
clents over a range of superficial air velocities. Oxygen 
absorption rates were also determined independently 
from oxygen and nitrogen material balances using the 


above-mentioned analyzer for the oxygen determina- 
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Fic. 3. Absorption coefficients (L/min) versus superficial air 
Velocity (ft/min). 


tions. The absorption coefficients were calculated from 
the absorption data using equation (6) (Finn, 1954). 


W a (Kya) (Cs — Cy); (5) 
where W = (mg moles O: absorbed)/(min) & (L), 
C* = equilibrium QO, concentration in liquid, 

(mg moles O.)/L, 
Cy = Os concentration in bulk of the liquid, 


(mg moles O.)/L, and 
(Kya) = (coefficient) 
mg moles O- 
(min) (L) X (mg moles Oy» difference) 
(L) 


= L/min 
In the case of sulfite solutions, where 


W , 
(Kis) = ae- (6) 


C'* can be calculated from the partial pressure of oxy- 
gen using Henry’s Law Constant (Perry, 1950). The 
abscissa values of figure 3 were calculated by the 
method given by Wegrich and Shurter (1953). The or- 
dinate values (absorption coefficients) were calculated 
from the arithmetic average of the oxygen partial pres- 
sure in the fermentor. The two sparger designs tested 
are shown in figures | and 2. 

Performance of different aeration equipment should 
be compared in terms of coefficients (Finn, 1954). In 
converting the data of Roth et al. (1955) to coefficients, 
equation (6) was again used. It was assumed that the 
partial pressure of oxygen in the gas contacting the 
liquid was equal to 0.21 atmosphere in all cases. The 
coefficients thus obtained fall in line with those re- 
ported by Finn (1954). 


Calculation of Dissolved Oxygen Concentrations 


Equation (5) was used to calculate C,. In order to 
make this calculation the following assumptions were 
made: 

(a) The sulfite coefficient is valid for the fermenta- 
tion and is constant. 

(b) C* of the media is the same as that of water for 
the same conditions of temperature and pressure, and 
is constant during the fermentation. 


RESULTS 


Oxygen absorption coefficients. Figure 3 represents 
the correlation of absorption coefficient (Ay.) (L/min) 
versus superficial air velocity (SAV) (ft/min) for a 
sharp-edged orifice (figure 1) and an experimental ori- 
fice developed at Fort Detrick (figure 2) operating at 
or above sonic air velocities. The close agreement be- 


tween results from sulfite titrations and gas analyses 
is to be expected. It should be noted that the co- 
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efficients for the two types of orifices become closer 
at lower SAV values. 

Oxygen and carbon dioxide transfer rates. Figures 4, 5 
and 6 give the data in terms of mg moles O» (or CO.) 
lL, X min transferred. Usually, oxygen uptake rates are 
given in terms of the specific oxygen uptake; that is, 
(mg moles O.)/(min)(mg cell). However, the volu- 
metric rate seemed adequate for the purpose of this in- 
vestigation. The transfer rates were calculated from fer- 
mentor exhaust gas analyses and material balances of 
oxygen, carbon dioxide and nitrogen. As mentioned 
above, run no. 7 was seeded by a different technique 
which accounts, in part, for its anomalous behavior. 

The runs employing pressure and enriched air appear 
to arrive at peak oxygen and carbon dioxide transfer 
rates earlier than the standard runs. The slightly 
higher peaks of the pressure and enriched air runs are 
not considered to be significant. 

Cell growth and sporulation. Table 2 gives the final 
cell and spore counts and final fermentor age for: (a) 
the standard series, and (b) the series employing pres- 
sure and enriched air, and more efficient orifices. In- 
spection of these data reveals no significant difference 
in cell or spore counts caused by increasing the pressure, 
or using enriched air and more efficient orifices. It does 
appear that these factors shortened the time required 
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Fic. 6. Carbon dioxide evolution rate for Bacillus anthracis; 


6 psig, enriched air, and improved orifices. Runs 8-12. 
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for substantially complete sporulation. More extensive 
data are required, of course, for complete evaluation. 

Calculated dissolved oxygen concentrations. The dis- 
solved oxygen concentrations given in table 3A were 
calculated from “‘sulfite’’ coefficients shown in figure 3, 
equilibrium concentrations calculated by 
Henry’s Law, and the peak oxygen absorption rates 
shown in figures 4—6, using equation (5). 


oxygen 


TaBLE 2. Cell and spore counts under different experimental 
conditions 


Superficial 


si i Fermentor Cells Spore = 
og Orifice Type Vel sa! 2 Head esi per Ml | per MI Age 
elocity 
ft/min psig millions \millions | hr 
1 | sharp-edged 2.62 0.0 1260 | 1000 |24 
2 | sharp-edged | 2.62 0.0 1870 | 950 |24 
3 | sharp-edged | 2.62 0.0 1400 | 740 (26 
4 | sharp-edged | 2.62 0.0 840 | 760 24 
5 |sharp-edged | 2.62 0.0 1000 | 770 |31 
6 |sharp-edged | 2.62 0.0 1890 | 1650 (24 
Avg. sharp-edged 2.62 0.0 1388 | 1018 |25.5 
8 | shark touth rae? | 6 1830 640 |22 
9 | shark tooth 2:28 6 1150 590 (21 
10 | shark tooth | 2.62 | 31.0 per cent | 1720 | 1410 |19 
Ov, 0.0 
ll shark tooth 2:0 1750 | 1720 |21 
12 | shark tooth | 2.62 | 31.0 per cent | 1620 | 1050 |22 
Ov, 0.0 
Avg. shark tooth 1608 | 1074 {21 
7* | shark tooth 2.95 3.0 | 2100 | 2240 |32 


* See text ‘‘Method of seeding.”’ 


TaBLe 3A. Dissolved oxygen concentration calculated from 
sulfite coefficient and fermentor absorption data 


Calculated 


Type of Run (Ka) Ce Dissolved O2 

Concentration 

L/min a gy mg moles Oo/L 
Standard 1.55 0.297 0.135 
Pressure 1.40 0.378 0.157 
Enriched air 1.55 0.500 0.300 
Run 7 1.80 0.297 —(0.037 


These concentrations are an order of magnitude higher than 
the critical dissolved oxygen concentrations given by Finn 
(1954), as shown in table 3B. 


TaBLe 3B. Critical dissolved oxygen concentrations (Finn, 1954) 
oi | Critical Dissolved Oxygen 
Organism Concentration 


mg moles O2/L 
Luminous bacteria ; er 0.010 
0.018-0.049 
: 0.0082 
Yeast eer 0.0031-—0.0046 


Penicillium chrysoge num . . : 0.022 


Azotobacter vinelandii 
Escherichia coli 
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Although the numerical values found here are proba- 
bly not the true ones (because of deviation from the as- 
sumptions upon which this calculation is based), their 
consistency with other results makes it seem likely that 
they reflect actual dissolved oxygen concentrations. 

Comparison of shake flask and submerged orifice aera- 
tion. When the oxygen absorption coefficients (L/min) 
are calculated from the oxygen absorption data of Roth 
et al. (1955), it is found that recommended aeration 
levels of 0.70 to 1.0 mg moles O./L X min correspond 
to coefficients of 2.95 to 4.25 L/min. However, the 
fermentation reported here was aerated under condi- 
tions corresponding to coefficients of 1.35 to 1.95 L/min. 
The reasons for sporulation at 24 hr or less when using 
submerged orifice aeration are not clear, but may have 
been due to slight differences in strains or media used. 
This lack of agreement notwithstanding, a safe predic- 
tion for aeration conditions was made from shake flask 
sulfite methods. 

Discussion 

Oxygen absorption coefficients. Finn (1954) tabulated 
absorption coefficients for unagitated, single orifice 
systems of about 0.4 (L/min) at an SAV of 2 ft/min. 
Comparing the coefficients in figure 3 with those given 
by Finn it is apparent that the orifices operating at or 
above sonic air velocities give considerably higher co- 
efficients than other types at equal superficial air 
velocities. It is also apparent that the ‘‘sonic orifices” 
will not give coefficients easily attainable by mechanical 
agitation (that is, 5 to 10 (L/min) at SAV of 1.0 
(ft/min)). The increase in efficiency given by the 
“shark tooth” orifice deserves further study. 

Oxygen and carbon dioxide transfer rates. The general 
shape of the curves in figures 4-6 explains, and at the 
same time confirms, the results of Roth et al. (1955). 
Their findings that (a) initial aeration requirements 
are low, (b) sporulation at 24 hr requires aeration of 
young vegetative cells at comparatively high rates, 
(c) a change of requirement occurs at 6 to 8 hr, and 
(d) spores continue to develop with low utilization of 
oxygen once the ‘‘spore precursors” have been formed 
all are confirmed by these data. 

These data indicate that oxygen uptake rates of at 
least some submerged bacterial fermentations can be 
determined by analysis of the exhaust gas stream. This 
result suggests industrial applications of the technique 
in process control and process variable studies. In this 
connection, Riggs (1953) discussed several oxygen 
analyzers which are commercially available. Jacobson 
(1953) reported on electrochemical methods for de- 
termining oxygen in gases. Maxon and Johnson (1952) 
published specifications for an easily built, highly ac- 
curate continuous carbon dioxide analyzer. Riggs (1953) 
also discussed industrial carbon dioxide analyzers to a 
limited extent. Watkins and Gemmill (1952) reported 
on the use of an infrared carbon dioxide analyzer. 
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Dependence of fermentation upon dissolved oxygen. 
Based on the above results, the working hypothesis was 
made that production of cells in this fermentation was 
at no time dependent upon dissolved oxygen. Had cell 
production been limited by this factor, use of pressure, 
or especially enriched air, would have resulted in 
sharply increased cell count. The relatively high caleu- 
lated dissolved oxygen concentrations of table 3A. are 
consistent with this conclusion. Critical dissolved oxy- 
gen concentrations are given in table 3B for comparison. 
Dissolved oxygen possibly may have been limiting in 
run 7. This run should be viewed as a confirmation of 
the assumption that the maximum possible oxygen 
transfer rates had not been attaimed in the other runs. 
(Maximum oxygen transfer rates correspond, — of 


course, to minimum dissolved oxygen concentrations. ) 
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SUMMARY 


In this study, it has been shown that it is practicable 
to determine oxygen uptake rates of a submerged Bacil- 
lus anthracis fermentation at all stages in its cvele from 
exhaust gas analyses. Absorption data obtained in this 
way confirmed the results obtained by Roth ef al. (1955) 
in shake flasks by sulfite methods. 

Sulfite oxygen coefficients are reported for two de- 
signs of submerged orifice operating at sonic air veloci- 
ties. Both of these designs give higher coefficients (at 
equal superficial air velocities) than values reported for 
other orifice types. 

Cell production under fermentation conditions re- 
ported here does not appear to be a function of dissolved 
oxygen concentration, as indicated by the results 
obtained when air containing 31 per cent oxygen, 6 Ibs 
per in. gage fermentor head pressure, and improved 
orifice designs were used. 


Dissolved oxygen concentrations calculated from 
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peak oxygen absorption rates and sulfite absorption 
coeflicients were consistent with the effects of increased 
oxygen upon cell production. 
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PRINCIPLE 


the 
substance to be assayed are added to a series of test 


In these methods, graded concentrations of 


tubes or flasks containing liquid nutrient medium. This 
medium is inoculated with the test organism and in- 
cubated for a suitable length of time. The response of 
the test organism, as evidenced by the development of 
turbidity, is measured by either visual observation of 
an end point (all-or-none response) or by use of a 
photoelectric photometer (graded response). By com- 
paring the response of the test organism to the sub- 
stance being assayed, with that of the test organism to 
a known standard preparation, the potency of the 
sample may be determined. 


Types oF TurBIDIMETRIC METHODS 


Turbidimetric assay procedures may be classified in 
either of two categories based on the type of growth 
response obtained. In the first group are methods in 
which the test organism gives an all-or-none response. 
The second group consists of methods in which the test 
organism gives a graded response. Methods of the first 
type are qualitative, while those of the second are 
quantitative. 


(Qualitative Methods 


In qualitative methods, the response of the test 
Organism is measured between two concentrations of a 
dilution series. A fixed volume of culture medium is 
placed in each tube of the series and sterilized. Various 
dilutions of the substance to be assayed are then added 
to the series of tubes. The tubes are inoculated with the 
test organism, a predetermined constant inoculum, and 
incubated for a period of time. They are observed for 
growth as evidenced by the development of turbidity 
in the individual tubes. The end point lies between the 
concentration at which growth occurs and the concen- 
tration at which there is no growth. If dilutions of a 
known standard preparation are assayed at the same 
time and under the same conditions, an estimation of 
the potency of the sample may be obtained. 

The degree of precision obtained is dependent upon 


the concentration of the substance in the dilution series. 
The narrower the increments, the greater the precision 
becomes. A twofold dilution series will give a more 
precise estimation of the concentration of the sample 
than will a tenfold scale. The series of increments is 
chosen by the individual analyst in the light of his . 
particular requirements. 

The advantages of the qualitative methods are: 

(1) They are more sensitive than other methods. Low 
concentrations of active material can be detected. 

(2) They can be used to evaluate materials when 
there are no standards available. They are valuable 
tools in the preliminary screening of compounds for 
various types of activity. 

(3) An index of activity, for a compound or a series of 
compounds, for a large number of microorganisms can 
readily be obtained in a relatively short period of time. 

The disadvantages are: 

(1) Measurement is limited to a point between two 
concentrations of a dilution series. The precision is thus 
related to the range of concentrations used in the series. 

(2) The end point may shift upon repeated assay, 
even under identical test conditions. 

(3) Turbid or highly colored solutions interfere with 
the determination of the response. 

(4) Samples must be sterile. The presence of micro- 
organisms not affected by the material being assayed 
would cause the development of turbidity which would 
invalidate the results obtained. 

(5) Substances in sample solutions other than the 
compound being assayed, may interfere with the assay. 
This occurs, particularly, when samples of natural 
products are tested. 


Quantitative Methods 


In quantitative methods, under the conditions 
selected for each assay, the response of the test organ- 
ism is a direct function of the concentration of the 
compound being assayed. The growth response is 
graded in proportion to the dose concentration. As this 
response is also proportional to the optical density 
changes in the various tubes of the series, it may be 
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measured by means of a suitable photoelectric photom- 
eter. By including a known standard preparation, 
assayed at the same time and under the same condi- 
tions, the potency of the sample is determined. The 
turbidity values of the tubes in the standard series are 
plotted against their respective dose concentration. 
Interpolation of the turbidity values of the tubes of the 
sample series on this curve permits the concentration of 
the sample to be calculated. 

Quantitative methods may be subdivided into two 
classes. In one class are the methods in which total 
growth is measured. In the other are the methods in 
which the rate of growth is compared. When total 
growth is measured, the incubation period is such that 
maximum turbidity, for the appropriate concentration 
range, is obtained. Methods based on the measurement 
of the rate of growth of the test organism have short, 
predetermined incubation periods or incubation is 
terminated when a definite turbidity value is reached in 
a control tube. Methods measuring the rate of growth 
are more susceptible to the influence of the various 
factors involved in microbiological assay procedures. 
They are more affected by substances likely to be pres- 
ent in crude samples than are those methods measuring 
total growth. Snell (1950) stated that it is usually more 
difficult to devise a short term assay than to devise a 
longer term assay of equal accuracy. 

The advantages of quantitative assays are: 

(1) The methods are more sensitive to low dilutions 
than diffusion methods. 

(2) As results are obtained at several concentration 
levels, the methods lend themselves readily to statistical 
analysis. 

(3) The methods are adaptable to rapid assays. 
Results can be obtained in short periods of time. 

The disadvantages are: 

(1) Turbid or highly colored solutions interfere with 
the determination of the response. 

(2) Samples should be sterile. When rapid assay pro- 
cedures (that is, 3 to 4 hr incubation) are used, samples 
need not be sterile. 

(3) The presence of solvents or other substances are 
more likely to interfere with these methods than with 
diffusion methods. 

(4) A questionable disadvantage is the necessity of 
including a standard curve each time an assay is run. 
In many cases, using diffusion methods, a composite 
standard curve can be prepared utilizing data from a 
series of assays. After this curve is prepared, it is not 
necessary to include a standard series for each assay. 
On occasion, the slope and accuracy of the master curve 
is checked. However, McMahan (1944) pointed out that 
even the precision of the Oxford plate method is in- 
creased by the use of a daily standard curve instead of a 
master composite standard curve. 
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MEASUREMENT OF TURBIDITY 


The development of turbidity in the assay tubes may 
be measured by either visual inspection or the use of a 
suitable instrument. End point determinations, where 
only the presence or absence of growth is noted, are 
usually visual observations. The graded response pro- 
cedures utilize some type of instrument for assessing 
the amount of growth at each assay level. It is obvious 
that comments are not necessary regarding visual 
observations. Only instrumental measurements will be 
considered. 

The use of the adjective ‘“‘turbidimetric,” in connec- 
tion with these methods, is technically incorrect, as js 
pointed out by Treffers (1956). The designation, 
“photometric,” is correct. However, as almost any 
photoelectric photometer will serve as a turbidimeter 
without any change in the instrument (Willard, et al 
1949), this distinction will not be made here. 

A variety of instruments, both filter photometers and 


spectrophotometers, have been employed in measuring 
growth response. They may be classified as either one- 
cell or two-cell instruments. For example, of the filter 
photometers in common use, the Evelyn is a one-cell 
instrument while the Klett-Summerson, the Lumetron 
and the Fischer Electrophotometer are two-cell instru- 
ments. Among the spectrophotometers, the Coleman 
and the Beckman are one-cell instruments. 

These photometers measure the amount of trans- 
mitted light relative to incident light. The basic differ- 
ence between the filter photometer and the spectro- 
photometer is that the former uses a color filter for 
isolating the desired wavelength from the light source 
while the latter employs a monochromator. The spectro- 
photometer is capable of isolating a much narrower 
band of light than the filter photometer and as the 
purity of light available is better than that from filters, 
the per cent transmittance is determined more pre- 
cisely. 

The filter isolates a band of light, 30 to 50 » wide. 
This band should be centered as close as possible to the 
minimum transmittancy of the sample. In microbio- 
logical procedures, the correct filter should be chosen for 
each culture medium used. The ideal filter is the one 
where the medium shows the minimum absorption 
This means that the filter selected for use witha particu- 
lar culture medium is that which minimizes the effects 
of the color of the solution (Hirschberg, 1950). For 
spectrophotometers, the wavelength at which this mini- 
mum absorption takes place is chosen. 

With one-cell instruments, it is necessary to maintain 
a constant light source while the readings of the stand- 
ard and the unknown are being taken. If the circuits ina 
two-cell instrument are properly chosen, variations in 
light intensity are cancelled out. This is a definite 
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advantage. In addition, the null point method of bal- 
ancing the cells against eath other is said to eliminate 
errors due to temperature changes and cell fatigue 
(Hirschberg, 1950). Certain of these two-cell instru- 
ments may be balanced so that the total range of tur- 
bidity is spread over the entire scale of the instrument. 

Instrumental errors are similiar in filter photometers 
and spectrophotometers. The instrument, itself, should 
not be a serious source of error as carefully designed 
instruments are capable of greater precision of measure- 
ment than the reproducibility of the turbidities to be 
measured. Willard et al. (1949) list the significant 
instrumental errors as: 

(1) Nonlinearity of response of the light sensitive 
devices and associated measuring circuits. 

(2) Variations in the intensity of the light source. 

(3) Stray light striking cells. 

(4) Temperature rise in measuring photocell. 

(5) Dust, scratches and imperfections in the optical 
system. 

Toennies and Gallant (1948) evaluated the mechan- 
ical factors affecting the precision of photometric 
readings in microbiological assay. Their results (table 1) 
indicate that, in terms of optical density units, the 


TABLE 1. Statistical analysis of mechanical factors in 


photometric readings* 


— we ed Pr 5 5 Variations Measured Read. i 
“0 | Tubes eeeeen see ing tion 
1 SS H.O Difference between 0 | +1.8 
second and _ first 
determination for 
each tube 
2 21 CuSO, Difference between | 488 | +1.3 


second and _ first 
determination for 
each tube 
Difference between 0} +1.5 
readings of indi- 


3 69 H2O 


vidual tubes and 

mean value of all | 

tubes 
4 59 CuSO, 


Difference between | 487 | +2.3 


readings of indi- 
vidual tubes and 


mean value of all 
tubes 


59 Bacterial 


o 


Difference between | 486 | +2.9 


suspen readings of indi- 

sion vidual tubes and 
mean value of all 
tubes 


6 59 CuSO, or 


Difference between | 487 | +1.8 
bacterial | 


readings of indi- 
vidual tubes with 
sion CuSO, and_ bac- 
terial suspension 


suspen 








*Toennies and Gallant (1948). 


errors due to the instrument, the human factor, and the 
individual tube corresponds to a standard deviation of 
less than +2. They also found that variations of the 
glass of the individual tubes did not exceed the basic 
reading error. Variation in the diameter of the tubes 
contributed a small, but definite additional error. 
Finally, their results showed that measurement of 
bacterial suspensions appear somewhat less precise 
than those of transparent media. 

The errors which might be due to differences in tubes 
can be eliminated by the use of a drain tube adapter 
which remains in the instrument. This allows all meas- 
urements to be made in the same tube. The adapters are 
commercially available for certain instruments and are 
-asily fabricated for others. 

Instruments vary in sensitivity and this affects the 
precision of the assay (Loy et al., 1956). Joslyn and 
Gailbraith (1950) noted the difference in per cent 
transmission between a filter photometer and a spectro- 
photometer at the same wavelength. The 1953 Associa- 
tion of Official Agricultural Chemists Collaborative 
Assay of vitamin By had definite limits for the allow- 
able assay range in terms of per cent transmission for 
ach instrument used (Krieger, 1954). This was further 
modified in the 1954 study (Krieger, 1955) by use of a 
dried cell weight technique for establishing limits. By 
this technique any instrument may be calibrated to 
determine the minimum turbidity range for a given 
assay. 

The data obtained in turbidity measurements have 
been reported in many ways. The readings have ranged 
from optical density units to galvanometer deflections. 
Some of these readings are only arbitrary units of tur- 
bidity with no relation to bacterial density or cell 
concentration. A variety of plots have been used; 
arithmetic dose-arithmetic response, log dose-arithmetic 
response, log dose-log response; all with the express pur- 
pose of obtaining a straight line relationship between 
dose and response. Both Barton-Wright (1953) and 
Hoff-Jorgensen (1954) stated that, in the vast majority 
of assays, there is no linear portion of the standard curve 
as it is curvilinear throughout its length. Any trans- 
formation that could be affected for such curves so that 
they would yield linear graphs would have manifest 
advantages. This would afford a sound mathematical 
basis for computation which is a desirable consideration 
for any analytical method. 

Theoretically, optical density, when plotted versus 
concentration should give a straight line directly, if the 
substance follows Beer’s law. As the light transmitted 
by a turbid solution does not always obey this law 
precisely, some deviation may be expected. With cer- 
tain instruments, if the optical density does not surpass 
about 0.4, turbid bacterial suspensions obey Beer’s law 
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(Snell, 1950). Monod (1949) in his discussion! on the 
growth of bacteria stated, in practice, the best instru- 
ments for the measurement of bacterial turbidity are 
those calibrated in terms of optical density. In general, 
with well dispersed cultures, the optical density remains 
proportional to bacterial density throughout the posi- 
tive phases of growth of the culture. This had been 
previously noted in vitamin assay when Roberts and 
Snell (1946) constructed calibration curves” relating 
galvanometer readings of an instrument to the dry 
weight of the cells of the test organism. They found 
that the optical density or the galvanometer readings 
could be used directly. Boyd ef al. (1948) demonstrated 
that turbidity and optical density are proportional to 
cell count. With yeasts, light) absorption is approxi- 
mately a linear funetion of concentration (Atkin ef al., 
1042). Treffers (1956) preferred the use of optical 
density units over per cent transmission in his graphical 
treatment of antibiotic assays. He stated that optical 
density is directly proportional to the microbial mass 
and, under standardized conditions to microbial num 
bers, in the appropriate concentration ranges. 

Actually, the majority of the individuals in this field 
record turbidity measurements in terms of the instru- 
ment available to them. The activity is represented by 
plotting the data in the manner which gives the best 
linear relationship. 


Facrors wuicu INeFLUENCE Tursipimerric Mrruops 


The factors which influence turbidimetric methods 
are, as with other types of methods, many and varied. 
Certain of these factors concern all procedures, while 
others affect only a single type. For example, in every 
method it is necessary to consider the effeet of pH on 
the test organism and on the activity of the substance 
being assayed. However, the color of the test: solution 
and its effect on the assay will be of particular impor- 
tance in turbidimetric procedures, while the diffusion 
rate of a compound will affect only diffusion methods. 

The following discussion is concerned with the general 
factors which have an effect. on turbidimetrice pro- 
cedures. In addition, in order to develop a satisfactory 
assay procedure, it is necessary to have a knowledge of 
the physical and chemical properties of the material to 
be assayed and to be familiar with the growth charaeter- 
istics of the test organism. 


Substance to Be Assayed 


In order to use a turbidimetrie procedure for the 
assay of a particular substance, the material must meet 
certain requirements. These are: 

(1) It should affect the growth response of some 

' Adelberg and Rabinovitz (1956) recommend careful study 
of Monod’s essay by anyone intending to apply quantitative 
microbiology to biochemical problems. 
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microorganism in) a manner which is_ reflected by 
changes in the turbidity of the culture medium: , 

(2) It should be soluble in water, or some solvent 
miscible with water which will not interfere with the 
assay in the concentration used; 

(3) It should not cause turbidity in the test solution 
or form a precipitate when in contact with the culture 
medium, (if filtration or centrifugation does not aid in 
the clarification of the sample solution, another pro- 
cedure must be chosen) ; 

(4) It should not cause the test solution to become 
darkly colored, (in certain cases, color interference can 
be eliminated by use of small volumes of test solution, 
0.02 to 1.0 ml; by selection of a colorimeter filter in a 
range where the color of the test) solution will not 
register (Toennies and Ciallant, 1948; Tlawk et al. 
1954); or, when a limited number of tubes are involved, 
removal of the colored culture medium by centrifuga- 
tion of the cells and subsequent resuspension in saline 
before the turbidity values are obtained (llopkins and 
Pennington, 1947); the color may also be compensated 
for by the use of color blanks) ; 

(5) It should be sterile (this is not a problem in the 
assay of heat stable substances or in assays of short 
duration, that is, incubation periods of from 90 min to 
G hr). 

If the above requirements are not fulfilled or compen- 
sated for as noted, another type of method must be 


chosen, 


Culture Medium and Sample Solutions 


Of the factors related to the successful performance of 
a turbidimetric assay, the culture medium is of greatest 
importance. This is partially due to the incorporation of 
the sample solution as an intrinsic part of the culture 
medium. The sample solution may be responsible for: 

(1) The introduction of extraneous materials which 
change the composition of the basal medium and, or 
affect the growth response of the test organism ; 

(2) The alteration of the clarity and color of the basal 
medium ; 

(3) A decrease in the buffering capacity of the basal 
medium ; 

(4) A change in the salt concentration of the basal 
medium. 

In highly purified mixtures, such as antibiotic dosage 
forms and vitamin mixtures, the problem is not great as 
the exact formulation is generally known. Natural 
products present a more formidable challenge. In some 
cases, there is little or no information concerning the 
composition of the material or its effect on test 
organisms. 

The prime factor is the introduction of extraneous 
materials which might change the composition of the 


basal medium. The addition of inhibitory or stimula- 
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tory substances, other than that being assayed for, 
will, of course, result’ in invalid assays. Adequate ex- 
traction procedures must be employed, in preparing 
such samples for assay, to minimize undesirable effects. 

With high potency materials, dilution alone is effee- 
tive in eliminating interfering materials. Other tech- 
niques such as solvent extraction, inactivation — of 
compounds known to interfere with a specific assay, or 
choice of a test organism highly sensitive to the sub- 
stances being assayed and relatively insensitive to other 
active substances (IXKramer and Kirschbaum, 1955; 
Grove and Randall, 1955) might be used. 

Dunn (1947), in the assay of amino acids in food- 
stuffs, assumed that basal medium adjusted on the 
basis of the nutritional requirements of the test organ- 
im would nullify almost completely the potential 
influence of any substance likely to be present in the 
added sample. He was able to improve certain assays 
by adjusting the composition of the culture media in 
accordance with his observations as to the optimal 
balance of nutrients needed for a constant response to a 
particular amino acid, 

Sterilization of the culture medium can have an 
adverse effect on turbidimetric assays. Heat steriliza- 
tion may cause major changes, such as color formation, 
destruction of certain nutrients, and the lowering of the 
pH, in the test medium. These undesirable changes may 
be due, in part, to the amino acid-sugar reaction de- 
scribed by Friedman and Kline (1950a, b). They found 
when proteins and amino acids are heated in the pres- 
ence of glucose, the material was browned with a cor- 
responding decrease in the nutritional value as measured 
by microbiological assay. 

The solution to this problem, in certain cases, is 
shorter periods of exposure of the culture medium to 
heat. This has been done by several investigators 
(Roberts and Snell, 1946; Boyd et al., 1948; Barton- 
Wright, 1953; Parrish ef al., 1955). In many assay pro- 
cedures, the conditions used may eliminate the need for 
complete sterilization. For example, in a short term 
assay, sterilization may not be needed due to the rapid 
growth of the test organism in a short period of time. Or 
the incubation temperature used with certain test 
organisms might preclude rigid heat treatment. 

Stokstad ef al. (1956) have stated that assays with 
lactobacilli are almost immune to interference by 
contaminants because of the rapidity of growth, the 
immediate acidification of the medium and essentially 
anaerobic conditions. This combination represses 
practically all contaminants except lactobacilli. 

There are other cases where complete sterilization is 
necessary. When slow growing organisms, such as 
Tetrahymena with an incubation period as long as six to 
eight days, are used, precautions must be taken to avoid 
contamination. Separate sterilization of glucose solu- 


tions or reduction of the glucose content of the culture 
medium (The Difco Manual, 1953) will aid in over- 
coming the problem of color changes. 

Proper buffering of the culture medium before steri- 
lization will prevent any substantial drop in its pH. 
Care must be taken in the selection of the type and 
quantity of buffer used, as it will depend, in part, on its 
effect on the test organism. An advantage of the 
turbidimetric procedure over the acidimetric method is 
that the medium can be buffered to a greater extent 
and allow heavier growth of acid producing microorgan- 
isms before pH levels, which are inhibitory to these 
organisms, are reached. 

The effect of sterilization seems to be a particular 
problem with growth factor assays rather than with 
antimicrobial activity assays. With antimicrobial assay 
media, there is some color change and a lowering of pH, 
but this commonly occurs when most culture media are 
autoclaved. Destruction of nutrients might take place, 
but not to the apparent detriment of the assay pro- 
cedure. This difference may be attributed to the com- 
position of the media. Media for the assay of antimicro- 
bial substances are composed of natural materials while 
growth factor assay media are synthetic or semi- 
synthetic and thus more susceptible to heat. 

The color and clarity of the medium may be affected 
by: 

(1) Sterilization, as indicated above; 

(2) Incorporation of components which (a) are turbid 
or highly colored, (b) precipitate or cause precipitation 
when added to the medium, or (¢) react under the con- 
ditions of the assay to produce solutions that are not 
suitable for optical measurements; 

(3) Incubation conditions; 

(4) The test organism, itself. 

Sterilization and incubation of the culture medium 
cause a certain amount of darkening. If the color of the 
basal medium is quite dark when it is prepared, sub- 
sequent darking will make it unsuitable for turbidi- 
metric measurement. Although turbidity values may 
be obtained, the assay range is limited and inconsistent. 
Invalid assays result from use of optically dense culture 
medium. 

Certain ingredients of the medium may not dissolve 
readily. Other components, such as the ‘“Tweens,’’ when 
present in high concentrations, cause considerable 
turbidity. Care must be taken in the preparation of 
culture medium to produce a medium suitable for use 
in a sensitive optical system. 

The test organism, itself, may affect the color of the 
culture medium. Toennies and Gallant (1948) found, 
after centrifugation, noninoculated tubes showed more 
color than inoculated ones. They regarded this as evi- 
dence that the test organism absorbs or consumes some 
of the color of the test medium. This should not be of 
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particular concern as the tubes of the standard series 
should reflect similar changes with increasing numbers 
of cells. 


Inoculation of the Assay Tubes 

There are three methods by which the assay tubes 
may be inoculated. These are: 

(1) By seeding each assay tube with one or two drops 
of the inoculum suspension, using a capillary pipette or 
a syringe; 

(2) By seeding each assay tube with a definite volume 
of the inoculum suspension ; 

(3) By seeding the test medium in bulk with a definite 
volume of the inoculum suspension, then dispensing a 
predetermined volume of the seeded test medium into 
each assay tube. 

When the dropwise method is used there is some 
variation in the distribution of the test organism to the 
tubes. However, Snell (1948) has indicated, in most 
cases, the concentration of the limiting factor present, 
and not the fluctuation in drop size, is responsible for 
the final amount of growth obtained. This may be true 
in assays where the total growth response is determined, 
but in short-term assays, where the rate of growth is 
compared, such variation in the inoculum could affect 
the reproducibility of the results. 

The first two methods also suffer the disadvantage 
of being tedious and time consuming. 

The third method is preferred as it insures equal 
inoculation for each tube of the assay series and is less 
tedious than the other methods. In addition, con- 
siderable time can be saved when it is necessary to assay 
several samples. 


Ineubation 


The temperature of incubation is dependent upon the 
test organism and the nature of the substance to be 
assayed. It should be close to the optimum temperature 
for the growth of the test organism or in a range that 
will permit a good growth response. 

The actual temperature which is selected for any 
given assay procedure is not as critical as the mainte- 
nance of a constant temperature. Variability in different 
sections of the incubator may be a serious source of 
discrepancy between replicate tubes as each tube rep- 
resents a separate population. This is of major impor- 
tance in short-term assays as rigid control of all assay 
conditions is essential. If valid assays are to be obtained, 
ach tube in the series should be subjected to identical 
environmental conditions. 

Much of the-variation in temperature conditions can 
be eliminated by use of a circulating water bath incu- 
bator. The water bath must be designed to minimize 
vibration as it has been shown (Lewis et al., 1947) that 
variation in growth response can be attributed to this 
factor. 
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The length of the incubation period, although some- 
what arbitrary, is also conditioned by the test organism 
and the material being assayed. Turbidimetric pro- 
cedures have been developed in which the incubation 
time, using a bacterium as the test organism, is as short 
as 90 minutes (Lee et al., 1944). On the other hand, using 
a protozoon as the test organism, an assay may take as 
long as 6 to 8 days (Hoff-Jgrgensen, 1954). 

In the assay of chlortetracycline, Beigelman (1949) 
reported that the error of assay is diminished when the 
incubation period is less than 12 hours. Lewis et al. 
(1947) found more variation, in the assay of subtilin, 
with an 18 hr incubation period than when a 4 hr period 
was used. When thiamine is‘assayed, using Lactobacillus 
fermenti, the pyrimidine and thiazole moieties show no 
growth promoting activity if the incubation period is 
18 hr. With longer incubation periods, some activity 
from these products is apparent (Snell, 1950). 

In the majority of vitamin and amino acid assays, the 
length of incubation is of minor importance. The con- 
centration of the growth factor in each assay tube 
limits the response of the test organism. Growth, as 
evidenced by turbidity, ceases when the supply of the 
nutrient being assayed is exhausted. No significant 
change in the turbidity of the tube occurs when this 
point is reached. 

There are certain exceptions where it is necessary to 
control the length of incubation. When the rate of 
growth rather than the total growth is determined the 
dosage levels of nutrient will be in a range where, under 
the particular assay conditions, a delineation of growth 
between the various tubes of the series will be noted. 
However, if the conditions set for the incubation period 
are exceeded, a graded response may not occur. Such 
assays must be terminated when a specific condition, 
either an arbitrary turbidity value or a definite period 
of time, isreached. The growth response may be stopped 
by the addition of a bactericidal agent (such as formal- 
dehyde) to each assay tube, by chilling the tubes at low 
temperatures, by steaming, or by autoclaving the tubes. 
Autoclaving is not recommended as the turbidity of 
cultures sterilized by steam pressure may be markedly 
changed. 

If a procedure is based on growth inhibition, the 
length of the incubation period will depend upon 
whether the substance is bactericidal or bacteriostatic. 
In the former case, assay results should not be affected 
by this factor. However, as noted previously for growth 
factors, when rapid assay procedures are used, it be- 
comes important. The substance being assayed although 
bactericidal in nature, may not exert a bactericidal 
effect in the range of dosage levels chosen for the assay. 
It might only be bacteriostatic, thus, when the incuba- 
tion period is extended over a longer period of time, 


bacteriostasis ceases and inhibition is not noted. Steps, 
such as those indicated above for short-term growth 
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factor assays, must be taken to stop growth at the 
proper time. 

In the case of bacteriostatic substances, the inhibition 
efect is limited, in general, to a certain time period. 
Any extension beyond that limit will result in invalid 
assays as the end point shifts on prolonged incubation. 
This makes the length of the incubation period critical 
for comparison of results from assay to assay. 


Oxygen Relationships 

Certain test organisms, for example, protozoa, yeast 
and strict aerobic bacteria require oxygen to yield a 
good growth response. The work of Rahn and Richard- 
son (1941) indicated that the rate of oxygen diffusion in 
stationary cultures is not sufficient to provide an entire 
culture of an aerobic organism with oxygen. When this 
is considered in the light of analytical techniques, it 
means that a factor, other than the one being assayed, 
might limit the growth of the test organism. 

In fact, when Tetrahymena gelii is used as a test 
organism, death of the culture occurs when the tubes are 
not slanted to provide aeration (Dewey et al., 1950). In 
the assay of thiocytic acid, poorly aerated cultures of 
Tetrahymena pyriformis give erratic results (Stokstad 
etal., 1956). 

Snell (1950) has stated that although yeast will 
grow anaerobically, a heavier growth response is ob- 
tained when the cultures are aerated. Aerobic bacteria, 
such as Proteus vulgaris, Acetobacter suboxydans, and 
Corynebacterium bovis will only grow when sufficient 
oxygen is present. 

Aeration of cultures may be accomplished by me- 
chanical shaking or by providing a favorable ratio of 
surface to assay medium volume. The use of flasks or 
slanted test tubes provides a large surface area with a 
minimum depth so that oxygen diffuses readily through- 
out the test medium. 

Interaction of the constituents of the culture medium 
during autoclaving generally results in a favorable 
oxidation-reduction potential for microaerophilic and 
facultative aerobic bacteria (Snell, 1950; Lees and 
Toothill, 1952). In certain cases, reducing agents may 
be added to the medium to control this variable. The 
slope of the dose response curve for microaerophilic 
bacteria may be improved by the use of narrow test 
tubes in order to increase the depth of the medium and 
create more favorable conditions (Lees and Toothill, 
1952). Use of large volumes of test medium in test 
tubes 18 by 200 mm will achieve the same effect. 

When anaerobic test organisms are used, conditions 
for their growth may be established by the routine 
methods for cultivating these microorganisms, that is, 
use of anaerobic jars. As most of these methods are 
cumbersome, it is easier to incorporate reducing agents 
into the assay medium to control the potential. 


Glassware 

A major, but sometimes overlooked, factor in the 
successful performance of turbidimetric methods is the 
cleanliness of the glassware used in the procedures. 
Kersey and Fink (1954), in their discussion of the assay 
of antibiotics in biologic materials, stated that con- 
tamination of glassware may well invalidate conclusions 
drawn in an otherwise satisfactory manner. Loy et al. 
(1950) indicated that lack of recognition of this factor, 
as the cause of erratic results was an important deter- 
rent in the development of a suitable assay for vitamin 
Bry. 

Cleaning of glassware may be accomplished in many 
ways. Soaps and detergents, dichromate cleaning solu- 
tion and acid washes, followed by rinsing and heating 
have been used in various combinations. A successful 
method of preparing glassware for the determination of 
one substance may not be applicable to all assay pro- 
cedures. For example, Stapert and Stubberfield (1954) 
found that while tubes cleaned with detergent could be 
used for most vitamin assays, it was necessary to use 65 
per cent vol/vol sulfuric acid solution to clean glass- 
ware used in the assay of vitamin Bp. 

Thorough rinsing of glassware must follow the use of 
chemical agents in cleaning procedures. Many common 
laboratory cleansers can affect the test organism. In 
polymyxin assays Reese and Eisenberg (1949) found 
that less than 0.05 per cent Alconox in the culture broth 
will inhibit Brucella bronchiseptica. Soap has the oppo- 
site effect in these assays (Bliss et al., 1949). The oceur- 
rence of ‘‘skipping”’ (false positive tubes) was found to be 
due to inactivation of polymyxin by soap. When special 
precautions were taken in the rinsing of the laboratory 
glassware, the frequency of ‘‘skipping” was greatly 
reduced. From these examples, it can be seen that either 
the test organism or the substance being assayed may 
be affected. In order to obtain valid and consistent 
turbidimetric assays, all glassware should be chemically 
and biologically clean. 

Accuracy of Results 

The limits of error reported in the literature for 
turbidimetric assays have ranged from +2 per cent 
(Kersey, 1950) to +20 per cent (Darker et al., 1948). 
The majority of the reports indicate that limits of +10 
per cent is about average for this type of procedure. 
However, an experienced analyst exercising rigid control 
of the factors which contribute to within day and be- 
tween day variability, should be able to approach +5 
per cent in quantitative turbidimetric methods. 

The use of replicate tubes in these assays should in- 
crease the precision of measurement and aid in esti- 
mating the assay error. At a symposium on analytical 
microbiology (Gavin, 1956) Gaunt stated that replica- 
tion increases the precision of measurement by a factor 
which is the square root of the number of replicates. 
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A pitfall in the use of replicates has been pointed out 
by Bliss (1952). 
arranged in randomized groups, the variation between 


He stated that unless the assay is 


duplicates may underestimate the assay error with a 
discrepancy as much as tenfold. Variation in replicate 
tubes will only indicate the error of assay to the degree 
that randomization has been used in the preparation 
of the tubes, their positioning in the autoclave and 
incubator, and in the reading of results. 

Control of the various factors discussed above, aided 
by an assay design which minimizes the influence of bias 
in the set-up of the assay, should lead to reliable and 
reproducible results. The application of statistical 
analysis makes it possible to determine the validity of an 
assay, the contribution to over-all error made by a 
particular variable and the degree of reliability of the 
assay results obtained. Thus each analyst is able to 
evaluate any of the procedures he might use. 


Advantages and Disadvantages of the Turbidimetric T ype 


Assay 


The advantages of the turbidimetric type assay are: 

(1) The method is more sensitive to low concentra- 
tions of active material than other methods of assay 
(that is, diffusion, acidimetric and so forth). 

(2) The method can be adapted to give accurate 
results in short periods of time. 

(3) The method can be used to evaluate materials for 
which a standard is not available. 

(4) By proper application of statistical procedures, 
both the precision and the accuracy of the method can 
be determined. 

(5) The method can be used to obtain an index of 
activity for a variety of compounds against several 
organisms in a relatively short period of time. 

The disadvantages of the turbidimetric type assay are: 

(1) Turbid or highly colored solutions cannot be 
assayed by this method. 

2) In most cases, the sample being assayed must be 
sterile. 

(3) The method requires more manipulation and is 
more tedious than diffusion methods. 

(4) The method is more susceptible to variations in 
environmental conditions than diffusion methods. 

(5) The method is more susceptible to the influence of 
organic solvents and extraneous substances in sample 
preparations than diffusion methods. 
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Many of the data concerning the destruction of 
bacteria and their spores by deleterious agents have 
been presented with the assumption that the ‘“‘logarith- 
mie order of death of bacteria’? has been adequately 
validated (Bigelow, 1921; Esty and Williams, 1924; 
Rahn, 1945a, b; Stumbo ef al., 1950; Lee, 1953; Schmidt 
elal., 1955: E1-Bisi and Ordal, 1956a, b). Some investi- 
gators, however, have reported data which do not 
agree with this point of view (alk and Winslow, 1926; 
Williams, 1929; Davis and Williams, 1948; Reed et al., 
951; Sugiyama, 1951; Reynolds and Lichtenstein, 
1952; Kaplan ef al., 1953; La Baw and Desrosier, 1954). 
The concept of a logarithmic order of death has led to 
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the evolution of a useful tool, the death rate constant 
and its reciprocal, D, the thermal resistance value 
(Stumbo, 1948a). This constant, D, or its equivalent, 
has been used to express the resistance of an organism 
under specified conditions and has been employed in 
the derivation of methods for thermal process evalua- 
tion and calculation (Stumbo, 1949, 1953; Tischer and 
Hurwiez, 1954; Levine, 1956). 

This investigation was initiated as a result of observed 
iaconstaney of the D values of a putrefactive anaerobe 
(PA) strain 3679 caused by changes in initial concentra- 
tion and/or length of heating time. Because of difficulty 
in obtaining accurate colony counts of this gas forming 
anaerobe, Bacillus coagulans strain 43 P was chosen as 
the test organism for the rate of destruction studies. 
This organism exhibits no dormancy following heat 
treatment, thus survivors can be enumerated accurately 
by conventional plating procedures, and has fairly 
heat resistant spores. Furthermore, Youland and 
Stumbo (1953), using the “tube method,” obtained 
constant D values with this strain of B. coagulans, for 4 
initial concentrations at 4 temperatures. The thermo- 
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resistometer (Stumbo, 1948b) was employed in ob- 
taining data for constructing survivor curves in this 
study. This apparatus provides an opportunity to 
administer accurately controlled heat treatments with- 
out applying correction factors for heating lag (Pflug 
and Esselen, 1955). The combination of colony counting 
by plating with heat destruction in the thermoresistom- 
eter avoids the statistical inefficiency of the dilution 
count (“tube method’’) for estimating survivors. 


IeXPERIMENTAL Merruops AND RESULTS 


Production, preparation and counting of spore suspen- 
sions. A spore crop of PA 3679 was grown in the liver 
infusion medium of Stumbo ef al. (1950) and harvested 
after 2 weeks’ incubation at 30 C. The suspension was 
washed by centrifugation 5 times with sterile distilled 
water, resuspended in screweap bottles containing 
sterile distilled water and glass beads, and stored at 
4.4C. Four replicate estimations were made of the 
spore concentration by the method of Stumbo ef al. 
(1950) using Eugonagar (B.B.L.) and an incubation 
period of 60 days at 30.C. 

Spore crops of B. coagulans strain 43 P were grown as 
surface cultures in Roux bottles for two weeks at 55 C 
on proteose peptone acid agar (PPAA), as modified by 
Frank (1955). The spores were harvested as described 
by Frank (1955), washed 5 times with 0.01 M potassium 
phosphate buffer (pH| 7.2), resuspended in_ sterile 
distilled water in screweap bottles containing glass 
beads, and stored at 4.4 C. Four replicate estimations 
of the spore concentration were made in the following 
manner. Three samples of 0.01 ml of diluted spore 
suspension were measured out with an “‘Agla” microm- 
eter syringe? and subjected to an activation treatment 
of 0.14 min at 104.4 C in the thermoresistometer. Each 
sample was dropped into a test tube containing 10 ml of 
sterile distilled water and glass beads, shaken 50 times 
to insure homogeneous suspension of organisms, and 
dispensed in appropriate volume into Petri plates. 

* Burroughs-Welleome, Tuckahoe, New York. According 
to the manufacturer, this syringe will deliver volumes of 0.001 
ml with an accuracy of +0.00005 ml. 


Di10€ 
Run Number 

246 246,000 
l 3.78 8.25 
2 2.67 7.92 

3 2.63 
Average ; art ' 3.03 8.09 

Analysis of variance..... F = 102.33 


Probability level...... 


0.005 < P < 0.001 


[VoL 5 


Melted PPAA medium was added to cach plate 
thoroughly mixed, and allowed to solidify. Triplicate 
plates were made for each tube, giving a total of nine 
determinations for each spore count estimation. After 
incubation for 4 days at 37 C, colonies were counted, 
The mean of 4 such replications was taken as the esti. 
mation of the spore concentration for the suspension 
under study. This plate counting procedure and incuba. 
tion at 37C gave higher counts than did the “tube 
method” at either 37 or 55 C. 

Calculation of thermal resistance values. For PA 3679, 
the “tube method” was used to obtain data to calculate 
the D values (thermal resistance values) of two initial 
spore concentrations subjected to three temperatures 
(110, 121, and 132 C). After incubation at 30 C for 60 
days in Eugonagar, D values were calculated as follows: 

UV 


D 
log a — log b 


where D = time in minutes necessary to accomplish a 


90 per cent reduction in the number of 


spores, 
(’ = heating time in minutes, 
a = number of spores subjected to one time- 


temperature relationship (the number of 
spores initially present per sample mul- 
tiplied by the number of replicate sam- 
ples), 
b number of spores surviving at the end of 
heating time U’. 
The value of b was obtained by application of the 


"nn 


Halvorson and Ziegler (1933) equation. 


& = 2.3026 log n/q 


where & = most probable number of spores surviving 
per replicate sample, 


n = total number of replicate samples, 


_ 


7 = number of sterile samples, 

then b = & times the number of replicate samples. 
The values obtained at each exposure time at a par- 

ticular temperature are then averaged, and this value is 


TABLE 1. Thermal resistance values (D) at 3 temperatures for 2 initial spore levels of putrefactive anaerobe 3679 


Di21c Di32¢ 


Initial Number of Spores 


246 | 246,000 246 246,000 
0.207 0.409 0.0204 0.03038 
0.142 0.349 0.0145 0.0270 
0.161 0.350 0.0174 0.0293 
0.170 0.369 0.0174 0.0280 

F = 60.0 F = 42.0 


0.005 < P < 0.001 


0.005 < P < 0.001 
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taken as the D value for that temperature (Stumbo 
edal., 1950). 

Construction of survivor curves. Survivor curves for 
B. coagulans were constructed following exposure of 
spores to various time intervals at 107.2 C in the 
thermoresistometer. The dilution and plating tech- 
niques Were the same as those described for spore 
counts of B. coagulans. After incubation for 4 days at 
37 C, colonies were counted and the number of sur- 
yivors calculated for each time exposure. Data from 
each series of increasing time intervals at 107.2 C were 
then incorporated into a survivor curve. Such curves 
were plotted for each run. Composite curves were con- 
structed after several replications had been made. These 
curves illustrate the manner of destruction under the 
specific test. conditions. Determinations employing the 
“tube method”? were made each time with the same 
spore dilution employed in the survivor curve replica- 
tions. 

Statistical analysis. D value data obtained by the 
“tube method”? were subjected to an analysis of vari- 
ance (Snedecor, 1946). The results of such analyses are 
included in tables 1—3. Since the survivor curves were 
nonlinear, and since the equation(s) for the curves is 


TaBLe 2. Thermal resistance values (D) at 107.2 C for three 
initial spore levels of Bacillus coagulans 


Initial Number of Spores 
Run Number 


3,990 39,900 399,000 
l 0.588 
2 0.561 0.845 1.13 
3 0.516 0.761 1.12 
{ 0.599 0.790 
Average 0.566 0.799 1.13 
Analysis of Variance F = 211 


Probability Level 0.0005 > P 


TaBLe 3. Thermal resistance values (D) at 107.2 C for 3 fractions 

of Bacillus coagulans spores separated by centrifugation 
Spore Fraction* 

Run Number 








2,000 4,000 | 6,000 
1 1.33 1.41 
2 1.32 | 1.49 1.38 
3 1.45 | 1.19 0.94 
4 st | | 
Average 1.36 1.30 Ne 
Analysis of Variance sstte F = 1.16 


Probability Level 0.5 P 0.7 


*Tnitial number of spores: 2,000 rpm = 480,000 spores; 
1000 rpm = 120,000 spores; 6,000 rpm = 20,000 spores. 


not yet known, no statistical treatment of these data 
is included in this study. 

Effect of initial concentration and heating time on D 
values of PA 3679 spores. Data for PA 3679 spores 
subjected to 3 temperatures are presented in table 1. 
Higher D values are obtained when greater initial 
spore concentrations are employed. It was consistently 
observed that D values increased with the length of the 
heating interval. 

Thermal resistance data for 3 initial concentrations of 
B. coagulans spores. Survivor curves for each concen- 
tration were constructed as described above. Com- 
posite curves from 4 individual replications are seen in 
figure 1. Each point on the curve represents the mean 
value obtained in 4 separate runs. It may be noted that 
the curves for the 3 concentrations are parallel. The re- 
sults of the corresponding ‘tube method” runs are 
summarized in table 2. As observed with PA 3679 
spores, the influence of initial spore concentration is evi- 
dent. As concentration was increased, the D value rose 
accordingly. However, with these same dilutions, no 
change caused by concentration is seen in the rate of 
destruction curves (figure 1). As will be discussed later, 
this indicates that the D value (or the method of caleu- 
lation, see Lewis, 1956) is not an accurate representa- 
tion of the rate of destruction. 

Thermal resistance determinations of 3 fractions of 
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B. coagulans spores. The spore crop of B. coagulans was 
prepared as described above. The suspension was cen- 
trifuged for 15 min at 2,000 rpm in an International 
centrifuge® and the supernatant liquid decanted; the 
sedimented cells were labeled the 2,000 fraction. The 
supernatant liquid from this process was then centri- 
fuged for 15 min at 4,000 rpm in a Servall centrifuge® 
and the supernatant liquid decanted; the sedimented cells 
were labeled the 4,000 fraction. The supernatant liquid 
from the 4,000 fraction was centrifuged for 15 min at 
6,000 rpm in the Servall and the sedimented cells re- 
tained as the 6,000 fraction. Composite survivor curves 
for each of the 3 fractions were constructed as described 
above using four replications for each fraction. These 
curves are presented in figure 2 and show that the sur- 
vivor curves are parallel. The 2,000 rpm fraction was 
diluted to a spore level comparable with the 6,000 rpm 
fraction. A survivor curve plotted with this diluted 
suspension was superimposable upon the curve ob- 
tained with the 6,000 rpm fraction. Thermal destruc- 
tion studies by the ‘‘tube method” for these 3 fractions 
were made with the same dilutions employed in the 
rate of destruction estimates. From the data obtained 
(table 3) it is apparent that the spores in the 3 fractions 
did not possess different resistance. 


5 International Equipment Co., Boston, Massachusetts. 


6 Ivan Servall, Inc., New York, N.Y. 
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Fic. 2. Survivor curves for three Bacillus coagulans spore 
fractions heated at 107.2 C. 
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Thermal resistance determinations of a vegetative cell free 
spore suspension of B. coagulans. The suspension labeled 
1,000 fraction was employed as the spore crop for this 
study. The suspension was concentrated by centrifuga- 
tion at 0 C, taken up in 25 ml of sterile distilled water, 
placed for 10 min in a Raytheon 9 Ke sonic oscillatoy? 
(cooled by attaching to an ice water bath), and then 
centrifuged for 10 min at 2,300 rpm in the Servall at 
0 C. The supernatant liquid was decanted, and 4 
stained preparation of the sedimented cells showed 4 
large number of free spores with many vegetative cells, 
After resuspending the sedimented cells, the suspension 
was replaced in the sonic oscillator for an additional 15 
min, centrifuged at 1,800 rpm for 10 min in the Servall 
at 0 C, and the supernatant liquid discarded. A stained 
preparation of the sediment showed that it consisted 
almost exclusively of spores. Dark phase contrast mi- 
croscopy confirmed the presence of a large number of 
ungerminated spores and only an occasional vegetative 
cell. The spores were resuspended in sterile distilled 
water in screweap bottles containing glass beads and 
stored at 4.4 C. Three replicate survivor curves were 
made for this spore suspension. A composite curve was 
constructed from the data obtained and is shown in 
figure 3. The curvilinear curve is similar to that ob- 
tained with the 4,000 fraction before sonoration (see 


figure 2). 


DISCUSSION 
The early literature concerning the rate of destruction 
of unicellular organisms by deleterious agents, especially 


7 Raytheon Corporation, Waltham, Massachusetts. 
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heat, has been reviewed thoroughly in several publi- 
cations (alk and Winslow, 1926; Rahn, 1943, 1945b; 
Schmidt, 1954). Consequently, it is unnecessary to 


‘elaborate on the differences of opinion which have 


existed regarding this subject. However, some impli- 
cations of the logarithmic order of death, as they per- 
tain to the results obtained in this study, will be dis- 
cussed. 

One implication of the logarithmic order of death is 
that, regardless of the length of heating time, the frac- 
tio of organisms destroyed per unit time does not 
change, that is, the death rate remains constant. Rey- 
nods and Lichtenstein (1952) analyzed the data of 
Stumbo ef al. (1950) and of Desrosier and Esselen 
(1951) for PA 3679 spores and stated that the D values 
reported increased with time of heating. We observed 
a steady increase in D value with increased time of 
heating with PA 3679. This suggests that a survivor 
curve plotted for this organism could not be a straight 
line since the D values (namely, the reciprocal of the 
slope) changed with time. Lewis (1956) feels that the 
method employed for the calculation of D is bound to 
give an increase of D with successive time periods, even 
if exponential survival holds, due to computational 
bias. With B. coagulans, using the “tube method,” we 
also observed the influence of increased heating times 
on D values. In this case, however, the curvilinear 
nature of the survivor curves clearly shows that the 
rate of destruction is not exponential. 

Another implication of the logarithmic order of death 
is that, regardless of the concentration of organisms 
present at any time during exposure, a constant frac- 
tion is being destroyed per unit of time. At a given tem- 
perature, therefore, the D value for any initial concen- 
tration of organisms should be constant. Sommer (1930) 
foundthat an increase in initial concentration of Clostrid- 
ium botulinum spores resulted in an apparent increase in 
thermal resistance values. Similar findings have been 
reported for PA 3679 by Amaha (1953) and Pflug and 
Esselen (1954). Our results with PA 3679 agree with the 
findings of these workers. Table 1 shows that, regardless 
of the temperature employed, a more concentrated 
initial number of PA 3679 spores always gave a higher D 
value. Table 2 shows that the D values of B. coagulans 
were similarly affected by initial spore concentration. 
ligure 1, in which the same 3 dilutions of spores were 
employed, shows the nonlinearity of the survivor 
curves for all 3 concentrations. The D value method 
assumes that concentration does not influence the rate 
of destruction. Empirically, however, our survivor 
curves with B. coagulans show that the rate of destruc- 
tion is not constant; instead of being a straight line as 
predicted, they are definitely curvilinear. A D value 
based on the assumed linearity of the survivor curve 
therefore is not valid. 

Another implication of the logarithmic order of 


death is that a given bacterial population is homo- 
geneous with respect to resistance. This view is con- 
sistent with the concept that death of a particular cell 
is a chance event, and that all cells have the same proba- 
bility of destruction at any given instant during heat- 
ing. Attempts have been made to demonstrate the 
presence of organisms of differing resistances in a given 
population, and the results have been variable (Magoon 
1926; Williams, 1929; Sommer, 1930; Morrison and 
Rettger, 1930; Davis and Williams, 1948; Sugiyama, 
1951; and Desrosier and Esselen, 1951). Yesair and 
Cameron (1936) reported that by differential centrifu- 
gation they were able to separate a spore crop of a 
putrefactive anaerobe into fractions of differing thermal 
resistances. By the methods described above B. 
coagulans spores were separated into 3 fractions. Figure 
2 shows that the survivor curves for these fractions are 
parallel, indicating that destruction proceeded at the 
same rate for all 3 fractions, and that this rate was not 
constant. Thus, by the fractionation methods employed 
we were unable to demonstrate the presence of or- 
ganisms of varying resistance in this strain of B. 
coagulans. However, it is possible that other means of 
separation might be more successful. 

One final phase of this study was with a vegetative 
cell free spore suspension of B. coagulans. It has been 
reported that the presence of dead cells affects the 
death rate of spores (Watkins and Winslow, 1932; 
tahn, 1943). Since B. coagulans strain 43 P does not 
sporulate well, a preponderance of vegetative cells is 
present in any spore crop. We studied the effect of 
vegetative cells on the shape of the survivor curves by 
rendering a spore suspension free of its vegetative cells 
by sonic disintegration. Figure 3 shows a composite 
survivor curve from 3 replicate determinations. The 
shape of this curve is essentially the same as that ob- 
tained for the 4,000 fraction which was not treated 
sonically and from which it was obtained (see figure 2). 
These data indicate that the shape of the survivor 
curves is not affected by the vegetative cells present in 
the suspension. 
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SUMMARY 
D values were determined for 3 initial spore levels of 
Putrefactive Anaerobe, strain 3679 heated at 110, 121, 
and 132 C using the thermoresistometer ‘‘tube method.” 
It was observed that the initial number of spores as 
well as the length of heating time affected the calculated 
thermal resistance values. D values obtained in a similar 
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manner for Bacillus coagulans spores heated at 107.2 C 


exhibited the same variation. Survivor curves for 3 
different initial spore levels of B. coagulans heated at 
107.2 C 


of B. coagulans spores were separated by differential 


were parallel and nonlinear. Three fractions 


fractions 
No evidence of dif 


centrifugation. Survivor curves for these 
were also nonlinear and parallel. 
ferences in resistance among the 3 fractions was dem- 
onstrated. A vegetative cell free spore suspension of 
B. coagulans also gave the typical, curvilinear, survivor 
curves observed throughout this study. 
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Lactobacillus Jermenti, used in’ the microbiological 
assay Of thiamine (Sarett and Cheldelin, 1944), has 
be 


natural materials. 


heen found to stimulated by several factors in 
Metealf ef al. (1946) reported that 
tomato juice greatly enhanced the acid production of 
the of sufficient thiamine. 
Camien ef al. (1947) suggested that the tomato juice 


factor might be 


L. fermenti i presence 
xylose since the sugar, when substi- 
tuted in the medium for glucose, gave a significant in- 
Butts (1951) 
found maltose and takadiastase digested starch to be 


stimulatory for early growth of L. fermenti. In a subse- 


crease in acid) production. Fang and 


quent article (1953), these investigators reported on the 
thiamine sparing action of ascorbic acid. Snell and 
lewis (1953) showed that asparagus juice concentrate 
isstimulatory to L. fermenti on unheated medium. Re- 
placement the medium by 
fructose, and cysteine permitted growth equalling that 
obtained) with 


of glucose in maltose, 


concentrate. Calcium. salts 
were demonstrated by Yu and Sinnhuber (1955) to 


increase the growth of L. ferment? in the presence of 


asparagus 


optimal amounts of thiamine using a medium contain- 
ng maltose. 

The difficulties encountered in the microbiological 
assay Of thiamine, when the Sarett-Cheldelin medium or 
wother modification (Fitzgerald and Hughes, 1949) is 
employed, have been pointed out in several reports 
(Analytical Methods Committee, 1954; Hoff-Jorgensen 
ind Hansen, 1955). L. ferment? has a greater tendency 
to behave occasionally in an inexplicably anomalous 
manner. The growth curve is usually flat and day to 
day reproducibility rather poor. These variations tend 
lo give inconsistent results upon repeated assay. 

The present paper describes a medium which nearly 
doubles the growth response of L. fermenti in the assay 
lange. In addition to the greater reproducibility of the 
assay results, the modified medium affords better re- 
coveries of added thiamine. 


EXPERIMENTAL METHODS 


L. fermenti strain 36 (American Type Culture Collee- 
tion no. 9338) was kept as a stab in Difco micro assay 
culture agar. The inoculum for assay was prepared in 

37 C for 20 


Difeo micro inoculum broth and grown at 
hr. The inoculum was washed twice in sterile saline and 


diluted 1:5. One drop of this heavy suspension was 
added to each assay tube. 

The usual procedure was used in preparing the thia- 
mine assay tubes. Incubation was conducted at 37 C 
for 18 hr. Each ingredient of the Sarett-Cheldelin basal 
medium was investigated. Comparisons were made be- 
tween similar compounds at different concentrations 
for the amount of growth obtained over the thiamine 
assay range. Once a modification of the Sarett-Chelde- 
lin method was found to increase growth, it was in- 
cluded in the subsequent procedure that was used in 
studying the next component. The composition of the 
basal medium finally adopted is shown in table 1. 


LESULTS 
Because marked stimulation of L. fermenti by differ- 
ent sugars had been reported, the carbon source of the 
medium was chosen for first study. Media were prepared 
with different sugars and with combinations of sugars. 


TABLE 1. Composition of the basal medium for assay of thiamine 


with Lactobacillus fermenti 


Component Amount 
- 
Casamino acids (Difco).... 1.0 
Glucose ; 2.0 
Xylose 0.4 
Na citrate: 2H.O 1.0 
pL-Tryptophan 0.04 
L-Cysteine aiahenioay si is 0.1 
K.HPO,. . - 0.5 
CaCl.:2H.0... ; ; 0.1 
NH,Cl.... 0.2 
mg 
Adenine 2.0 
Guanine Beane ; al 2.0 
Uracil 2.0 
ml 
LO ee re 2.0 
ug 
Ca pantothenate................ 100 
Niacinamide.......... 100 
RRAMOHAVIR.. . ooo oes c ans 100 
p-Aminobenzoic acid. . . 200 
Pyridoxine-HCl....... 400 
[Ca 7) Se ae 20 
MIE Rit it had hse ota a 2 


* The amounts given are for 100 ml double strength medium, 
pH 5.5. 
+ Henderson and Snell, 1948. 
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The growth curves obtained are shown in figure 1. The 
largest improvement in the extent of growth of the or- 
ganism was the inclusion of xylose in the medium. 
The fructose-maltose mixture proposed by Snell and 
Lewis (1953) was not nearly as productive as glucose 
and xylose. Indeed, sometimes there was almost a com- 
plete lack of growth in media lacking xylose or a pen- 
tose at the limiting concentration of thiamine used in 
the standard. This observation could surely explain 
the occasional unexpected depression of growth in the 
Sarett-Cheldelin medium or similar media containing 
maltose and fructose. 

The use of a citrate buffer in assay media for L. 
fermenti has been proposed before (Henderson and 
Snell, 1948). In figure 2 citrate and acetate buffers are 
compared in media containing xylose. The citrate 
buffer medium is slightly better, in that blank readings 
are higher (less growth) and there is no flattening of 
the assay curve. The addition of sodium acetate (10 to 
20 mg per 10 ml tube) to a citrate medium as recom- 
mended by Henderson and Snell (1948) was antago- 
nistic as shown for Streptococcus faecalis (MaciasR, 
1956). 

The concentration of dipotassium phosphate finally 
chosen was 0.25 per cent. No further increase in growth 
was produced by larger amounts. 

Sodium chloride was incorporated by Fitzgerald and 
Hughes (1949) into the Sarett-Cheldelin medium, no 
doubt, because of its ability to enhance the growth of 
the organism. In our study with the medium adjusted 
initially at a pH of 6.5, there was a pronounced lag in 
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Fic. 1. Growth of Lactobacillus fermenti on different sugars. 


The total sugar concentration equalled 200 mg per 10 ml tube. 
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the growth which sometimes failed to appear when 
sodium chloride (50 mg per tube) was included in the 
medium. However, when the sodium chloride Was 
stimulatory, the growth in the blanks was similarly jp- 
creased with little benefit to the assay curve. The growth 
lag was fortunately corrected by the addition of am- 
monium chloride (10 mg per tube) and a pH adjustment 
of the medium at 5.5 to 6.0. Under the latter condi- 
tions, the addition of sodium chloride (50 to 60 mg per 
tube) had no effect on the thiamine assay curve. 

When it was found that better growth developed in 
a medium adjusted at a pH of 5.5 to 6.0, the possibility 
of autoclaving the solutions containing thiamine with 
the medium was considered. It was found that the 
growth curves were identical, whether thiamine was 
added before, or after, autoclaving the assay tubes for 
5 min at 15 pounds pressure. However, growth was al- 
Ways superior in a medium that was autoclaved, 
rather than steamed, as in the Sarett-Cheldelin  pro- 
cedure. Ramsey and Lankford (1956) have recently 
shown that growth initiation of L. ferment? without a 
lag was due to the stimulation of heat degradation 
products of glucose. Their study emphasizes the im- 
portance of autoclaving the medium. 

Calcium chloride, as reported by Yu and Sinnhuber 
(1955), was stimulatory and its effect was especially 
marked in the present citrate medium. The maximal 
stimulation by calcium chloride dihydrate was at a level 
of 5 mg per tube. 

Comparison also was made of Salts B with Salts C 
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Fig. 2. Comparative response of Lactobacillus fermenti in 
(1) acetate and (II) citrate buffer media. 
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(Henderson and Snell, 1948). A medium prepared with 
| ml per cent Salts B gave less growth, on most occa- 
sions, than one with | ml per cent Salts C. 

The vitamins at levels of one-half to twice that 
adopted gave identical results. The levels were chosen 
because most samples assayed here for thiamine also 
contain relatively high concentrations of all of the 
B-complex vitamins. 

Studies were also conducted on the nitrogen contain- 
ing ingredients. In a medium prepared with Casamino 
Acids! or our own acid hydrolyzed casein, growth over 
the control was not improved by the addition of the 
peptone treated with alkali used by Sarett and Chelde- 
lin. Nor was growth increased by the addition of 18 
individual amino acids at levels of from 0.5 to 2.0 mg 
each per tube. In the final medium adopted, cysteine is 
slightly more effective than cystine. 

Without purines and uracil, there is no growth. 
Uracil is a requirement, while either adenine, guanine, 
or xanthine can satisfy the purine need. 

In figure 3, the growth curve, using the present me- 
dium, is compared to that obtained in this laboratory 
with the medium of Sarett and Cheldelin. With the 


present medium, larger amounts of ascorbic acid (2 mg 
1Difeo Laboratories, Inc., Detroit, Michigan. 


30 





40 f 


a 


uo 
Oo 


LIGHT 


a 
Oo 


TRANSMISSIBLE 
GN 
oO 


Yo 


90 


= 








100 . ‘ A ‘ 
0 8 16 24 32 40 
Mug THIAMINE NITRATE PER TUBE 





Fic. 3. The growth response of Lactobacillus fermenti using 
(1) Sarett and Cheldelin medium and (ID) present medium. 
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per tube) were required to demonstrate its thiamine 
sparing action (Fang and Butts, 1953). It was deter- 
mined that at least 80 mug each per tube of the pyrimi- 
dine and thiazole moieties of thiamine were required 
for growth to occur after 72 hr of incubation. As much 
as 2 ug each of the thiamine moieties failed to produce 
growth at the end of 24 hr of incubation. Cocarboxylase 
is 30 per cent more active than thiamine with the pres- 
ent medium as with that of Sarett and Cheldelin. 

Table 2 contains the assay values and recoveries of 
added thiamine for materials that gave variable results 
with the Sarett-Cheldelin medium when assayed. The 
two media provide fair agreement of the values. How- 
ever, with the modified medium, the assay results of 
these samples vary much less from assay to assay. Also, 
recoveries of the added thiamine and agreement of 
values at different assay levels are better with the modi- 
fied medium. 

The present medium has shown its merit, in that 
over a period of 6 months not a single depressed assay 
curve has been obtained. The growth in the blank tubes 
has been consistently low and no apparent precautions 
have to be taken to insure these low blanks. 


TaBLE 2. Thiamine assays and recoveries* 


Thiamine Found 


siiieie Thiamine _ baal 
It | IIt It | Ilt 
ug/ 8 ug/g % 
Wheat germ 18.92 20.60 
10 30.25 31.10 113 105 
20 42.92 40.02 120 97 
21.80 19.51 
10 33.40 30.42 116 109 
20 43.21 39.93 107 102 
19.94 19.90 
10 32.41 30.10 125 102 
20 41.16 41.05 106 106 
Potato extract 1.56 1.93 
1 2.70 2.90 114 97 
2 3.70 4.00 | 107 103 
1.94 1.80 
1 2.84 2.87 90 107 
| 2 3.91 3.89 98 104 
2.20 1.78 | 
|} 4 3.10 2.81 90 | 103 
2 4.70 3.75 125 | 98 
Malt extract 1.12 0.82 
1 2.40 1.90 128 108 
0.98 0.90 
1 2.04 2.00 106 110 
1.24 0.92 
i 2.36 2 





01 112 111 


*The sample assays and recoveries were performed on 
alternate days. 

7 I Sarett and Cheldelin medium. 

t II Present author’s medium. 
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SUMMARY 


An improved medium for the assay of thiamine using 
Lactobacillus fermenti is described. A greater slope of 
the standard curve and more extensive growth over 
the assay range were secured. Better agreement of assay 
values at different levels increases the reproducibility 
of assay results. 


ADDENDUM 


Subsequent, studies indicate that Tween 80 (1 mg per 
tube), although usually not stimulatory, should be in- 
cluded in the medium for several reasons. Tween 80 
will reverse the pronounced inhibition of L. fermenti 
brought about by we amounts of Tween 40, palmitic 
and butyric acids and by mg amounts of sodium acetate. 
Furthermore, in the presence of Tween 80, the thiamine 
sparing action of ascorbic acid cannot be demonstrated 
even when 10 to 15 mg of the latter compound are 
added to each assay tube. 
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The development of appreciable brine acidity in cu- 
cumber salt stock is necessary for curing the cucumbers 
and maintaining a desirable color during subsequent 
storage of stock. Several investigators (LeFevre, 
1920, 1922; Joslyn, 1929; Fabian et al., 1932; Fellers et al., 
1937; Fellers, 1939) recommended the addition of sugar 
to cucumber fermentations with the object of stimulat- 
ing the acid forming bacteria and producing more lactic 
acid. However, Fabian and Wickerham, (1935) showed 
that the addition of 1 per cent sucrose to barrels of 
genuine dills caused an initial increase of acid forming 
bacteria but not an increase in final acidity. Other 
studies by Jones et al. (1940) and Veldhuis et al. (1941) 
reported that the addition of sugar at the start of fer- 
mentation, or after 7 to 10 days, or in small amounts 
at short intervals throughout the fermentation, did 
not appreciably increase acid production even when 
the acid forming bacteria showed a significant rise in 
numbers. 

Lactobacillus plantarum is considered to be mainly 
responsible for acid production in cucumber fermen- 
tations (Etchells ef al., 1946; Costilow et al., 1956), 
therefore, the presence of plentiful amounts of essential 
Vitamins and amino acids for its growth is of great im- 
portance. Several workers (Rosen and Fabian, 1953; 
Costilow and Fabian, 1953a) have demonstrated that, 
during cucumber fermentation, the essential vitamins 
are present in sufficient amounts to satisfy the needs of 
L. plantarum. However, Costilow and Fabian (1953a, b) 
reported that great coliform and yeast activity caused 
a decrease in cystine and tryptophane levels respec- 
tively. They indicated that these two amino acids 
seem to be reduced during cucumber fermentation to 
a critical level for the growth of L. plantarum. 

Since corn steep liquor is an inexpensive industrial 
by-product, it could be used, if beneficial, on a com- 
mercial basis in cucumber fermentation. Little infor- 
mation, however, is available on its application for 
such a purpose. A patent by Pollack (1941) recom- 
mended the addition of one ounce corn steep liquor for 
every gallon of brine when making genuine dill pickles. 
The corn steep liquor treated barrels showed 1.4 per 
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cent lactic acid after 30 days, whereas, it was 0.6 per 
cent in control batches. 

Consequently, the object of this study was to inves- 
tigate the influence in cucumber fermentation of the 
addition of sugar, of cystine and tryptophane, and of 
corn steep liquor on the microbiological activity and 


‘acid formation by lactic acid bacteria. 


IeXPERIMENTAL METHODS 
Semicommercial Fermentations 


In 1953 and 1954, 20 barrels were prepared outdoors 
at the salting station of the H. W. Madison Co., at 
Mason, Michigan. Cucumbers size 2? of the varieties 
MR-17 and SR-6 were used in 1953 and 1954 respee- 
tively. A 30° salometer schedule was followed in salt- 
ing. The different concentrations of sucrose, and cystine 
and tryptophane used in these experiments were de- 
termined on the basis of the weight of cucumbers and 
brine in each respective barrel. Corn steep liquor was 
added according to the volume of brine. The following 
treatments were carried out: 

(A) Sucrose treatments. Four barrels received 0.5 per 
cent sucrose which was added at the time of salting to 
1 barrel and on the 7th day to the others. Each of 3 
barrels was given 1.0 per cent sucrose. The sugar was 
added at the time of salting to the first barrel and on 
the 7th day to the second barrel. The third barrel re- 
ceived 14 the amount of sugar at the time of salting, 
13 on the 7th day, and !4 on the 14th day. In this way, 
the influence of the addition of different concentrations 
of sucrose when added at different times during fermen- 
tation was investigated. 

(B) Cystine-tryptophane treatments. Each of 2 barrels 
received 0.0025 per cent cystine and 0.0025 per cent 
tryptophane which were added at the time of salting 
to 1 barrel and on the 7th day to the other. To investi- 
gate the effect of the combined treatment of the amino 
acids and sucrose, 3 barrels were prepared by adding 
0.0025 per cent cystine, 0.0025 per cent tryptophane, 
and 1.0 per cent sucrose at the time of salting. Based on 


the studies of Costilow and Fabian (1953a) these con- 


2 Size 2 cucumbers refers to cucumbers 3 to 4 in. long and 
11¥ to 15¢ in. in diameter. 
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centrations of cystine and tryptophane were considered 
more than sufficient to provide the brine microorgan- 
isms with plentiful amounts of these amino acids. 

(C') Corn steep liquor treatments. Two barrels received 
corn steep liquor (1.0 0z for every gal of brine) which 
was added at the time of salting to | barrel and on the 
7th day to the other. The combined treatment of corn 
steep liquor, in the same concentration, and 1.0 per 
cent sucrose Was studied by preparing 3 barrels. The 
corn steep liquor and sugar were divided into 8 equal 
portions and !s. added at the time of salting, '3 on the 
7th day, and 's on the Ith day. 

(D) No treatment. Three barrels were prepared from 


the same cucumbers at the same time as controls. 


Method of Sampling 


A stainless steel tube 30 in. long and #)¢ in. in the 


; 
inside diameter with holes spaced 9.5 in. apart) was 
used for sampling. Samples were taken through a hole 
made in the head of each barrel by inserting the tube 
and syphoning the brine into sterile sample tubes. 
During the first week, samples were taken every day. 
As the fermentation progressed, the periods of exami- 
nation were as indicated in the graphs. On removal of 
the brine samples from the barrels, they were immedi- 
ately transferred to the laboratory where chemical and 
bacteriological analyses were made, after which they 
were frozen at — 18.5 C until the amino acid and vita- 


min assays were made. 


Chemical and Bacteriological Analyses 


The following determinations were carried out: 

(1) Total titratable acidity: by titration with stand- 
ard NaOH expressed as g of lactic acid per 100 ml of 
brine. 

(2) Salt concentration: following the method of 
Kolthoff et al. (1929). 

(3) Total sugar: by the Munson and Walker method 
as outlined in Official Methods of Analysis of the Asso- 
ciation of Official Agricultural Chemist (1950). The re- 
sults were expressed as per cent invert sugar. 

(4) pH of the brine: Cenco pH meter. 

(5) Total bacteria count: on dextrose tryptone agar 
medium. 

(6) Lactic acid bacteria count: on V-8 medium de- 
vised by Fabian ef al. (1953). 

(7) Yeast count: on dextrose agar acidified with 5 ml 
of 5 per cent tartaric acid per 100 ml of medium. 

(8) Coliform count: using single strength lauryl 
tryptose broth inoculated in triplicate with various 
dilutions of the brine samples. 

All plates and tubes were incubated at 30 C for all 
microbial analyses. Three days’ incubation were allowed 
for the total and lactic acid bacteria counts; 2 days for 


coliform and 7 days for yeast. 
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Amino Acid and Vitamin Assays 


The brine samples were removed from the freezer 
and allowed to thaw at 4.5 C just prior to running the 
assays, then stored in the refrigerator under toluene, 
Assays for valine and glutamie acid were carried out 
following the method of Sauberlich and Baumann 
(1946) using medium I. The dehydrated media pre- 
pared by Difco Laboratories, Inc., were used to assay 
for biotin, niacin, pantothenic acid, valine, glutamic 
acid, and tryptophane. Streptococcus aquinus strain P-G0 
(Leuconostoc mesenteroides) was used for the assays of 
cystine, leucine, and isoleucine, 


Laboratory Experiments under Ideal Conditions 


An experiment was designed to study sugar utiliza- 
tion and acid production by L. plantarum under ideal 
conditions. In this way it was hoped to show either the 
advisability or futility of the addition of sugar; of 
cystine and tryptophane; and of corn steep liquor to 
cucumber fermentation. 

lor this purpose 32 flasks were prepared in the fol- 
lowing manner: 

The cucumbers were washed thoroughly and the 
juice was extracted. One hundred ml portions of the 
cucumber juice were placed in 500 ml Erlenmeyer flasks, 
To each flask 100 ml of 1.0 per cent NaCl was added, 
which made a final salt concentration of 0.5 per cent 
after which sucrose, cystine, and tryptophane, or corn 
steep liquor, according to the specific treatment, were 
added. The flasks were sterilized at 15 |b for 15 min. 
Mach flask was inoculated with 0.5 ml of an active pure 
culture of L. plantarum strain 17-5 suspended in physi- 
ological salt solution. All flasks were incubated at 30. 
The experiment covered a period of 35 days. Specifi- 
cally the following additions were made: 5 flasks, 0.5 
per cent. sucrose; 5 flasks, 1.0 per cent sucrose; 4 flasks, 
0.0025 per cent cystine, 0.0025 per cent tryptophane; 4 
flasks, 0.0025 per cent cystine, 0.0025 per cent trypto- 
phane and 1.0 per cent sucrose; 4 flasks, 0.82 per cent 
corn steep liquor; 4 flasks, 0.82 per cent corn steep 
liquor and 1.0 per cent sucrose; and 6 flasks, no treat- 
ment (control). It should be noted that the concentra- 
tion of corn steep liquor used here is the same as that 
used under semicommercial conditions. Samples were 
taken periodically to determine the amount of acid 
formed and L. plantarum counts. Two flasks from each 
specific treatment were examined for the total sugar 
(expressed as invert sugar) in the brine at the start 
and at the end of the experiment. 


RESULTS 
Sugar Treatments 


(1) Effect of sugar on lactic acid formation. Before pre- 
senting the effect of the different sugar treatments, 4 
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study was made on the variations in lactic acid forma- 
tion that are normally present in brines of similar lots. 
Comparison between similar fermentations prepared in 
1953 and 1954 showed that the greatest difference in 
brine acidity was 0.1 per cent. Therefore, it was as- 
sumed that, under semicommercial conditions, if a 
specific treatment resulted in an increase greater than 
0.1 per cent lactic acid, the difference should be con- 
sidered significant. 

In figure | are shown the average acidity values of all 
sugar treatments under semicommercial conditions. 
These results indicate no significant difference in brine 
acidity between the sugar and nonsugar treatments. In 
general, the amount of lactic acid increased from its 
lowest level at the time of salting to a maximum of 0.6 
per cent after fermentation for 15 to 20 days. 

It should be mentioned here that the changes in pH 
levels and salt concentrations were similar in both the 
sugar and nonsugar treatments. 

The laboratory experiments confirmed the previous 
results. igure 4 shows that acidity in both the sugar 
and nonsugar treatments was almost identical. 

(2) Effect of sugar on total and lactic acid bacteria 
counts, Comparison between similar fermentations pre- 
pared in 1953 and 1954 indicated that the largest dif- 
ference in lactic acid bacteria, expressed as log of count, 
was 1.4, Thus, it was safe to assume that differences of 
1.5 (32 times greater) or more in the log of count of 
these organisms are significant. 

Data compiled under semicommercial conditions 
showed no indication of an appreciable increase in lactic 
acid bacteria numbers as a result of sugar addition. 
Only slight differences were observed. These small vari- 
ations, however, never exceeded the range of differences 
that might occur between individual barrels within one 
treatment. The average lactic acid bacteria counts of 


all sugar treatments under semicommercial conditions 


are presented in figure 1. Their populations generally 
increased after salting and reached a peak within 5 to 
6 days. During the second week, the numbers remained 
somewhat high, but declined during the third week with 
very low numbers observed after 41 days. 

The total bacteria numbers showed a similar trend 
during fermentation. The counts resembled that of 
lactic acid formers with no significant increase in num- 
bers when sugar was added. 

Determination of total sugar as invert sugar in 
brines of the 1953 experiment was carried out to corre- 
late the changes in lactic acid bacteria populations with 
the available sugar in the brine. Table 1 indicates that 
in the control fermentation a rapid increase in the 
brine sugar contents occurred after salting. This was 
mostly due to leaching of the naturally occurring 
sugars from the cucumbers into the brine. The total 
sugar content, expressed as invert sugar, reached a 
maximum about the 7th day and could not be detected 
on the 25th day. This decline was most likely due to 
the utilization of sugar by the brine microorganisms. 
In the barrels where sucrose was added, greater amounts 
of invert sugar were detected in the brine at the start 
of fermentation. However, the levels of invert sugar de- 
creased to a level comparable to that of the control in- 
dicating greater utilization of sugars by the brine 
microorganisms. Yet, as is shown in figure 1, the 
amounts of lactic acid formed were similar to that of 
the control. Apparently then, the added sucrose was 
mainly utilized by organisms other than lactic acid 
bacteria. 

Under laboratory conditions, no significant differ- 
ences in L. plantarum counts were observed between 
the sugar and nonsugar treatments. Furthermore, the 
amounts of sugar utilized by L. plantarum were similar 
(table 2). The added sucrose was not converted into 
lactic acid. This would indicate that L. plantarum can 
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use only a certain amount of sugar and produce a cer- 
tain amount of acid irrespective of the amount of sugar 
present in the brine. 

(3) Effect of sugar on yeast and coliform populations. 
Comparison between similar barrels prepared in 1953 
and 1954 showed that a variation of 2.1 in the log of 
yeast count might normally occur. Accordingly, a dif- 
ference greater than 2.1 (approximately 100-fold) was 
considered significant. 

In figure 2, part B, it is shown that addition of sugar 
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Fig. 2. Influence of addition of sugar to brines of semi 
commercial cucumber fermentation on yeasts. 
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at the time of salting caused no significant increase 
in yeast population over the control. However, when 0.5 
or 1.0 per cent was added on the 7th day, the yeast 
A). The 
log of yeast count always exceeded 2.1. The numbers 
then rapidly declined until they reached a level similar 
to that of the control. When sugar was divided into three 
equal portions and added at different times throughout 
the fermentation, only the second addition of sugar on 


counts immediately increased (figure 2, part 


the 7th day resulted in a significant rise in yeast popu- 
lation over the control (figure 2, part A). 

In contrast to the lactic acid bacteria, yeasts, which 
had generally decreased in numbers during the first few 
days after salting, started rapid growth after about 7 
days and reached their maximum population in from 10 
to 15 days. 

As to coliforms, they disappeared from all barrels after 
5 days. It is believed that they played no significant part 
in these fermentations. 


Cystine and Tryptophane Treatments 


Effect of added cystine and tryptophane on lactic acid 
production, Since a variation greater than 0.1 per cent 
acid between different treatments was previously con- 
sidered significant, this variation value was also used 
here as basis for comparison between the specific treat- 
ments and the control. 

In all barrels receiving cystine and tryptophane, 
alone or in combination with sucrose, brine acidity was 
not appreciably higher than the control. The average 
acidity values of all cystine and tryptophane treatments 
are graphically presented in figure 3. Since no greater 
amounts of acid were formed, the addition of cystine 
and tryptophane, under the conditions of these ex- 
periments, Was of no value in increasing lactic acid pro- 
duction. 

In table 1 it is shown that the utilization of sugar by 
the brine microorganisms Was similar to that of the con- 
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ease trol. Since brine acidity was not appreciably affected, conditions; the cystine-tryptophane treatments showed 
n 0.5 the cystine-tryptophane treatments did not stimulate no effect on the total and lactic acid bacteria counts as 
Teast the conversion of the naturally occurring sugars in the well as yeasts. Figures 3 and 4 present the average 
The cucumbers to lactic acid, lactic acid bacteria populations of all cystine and 
bers The previous results were confirmed under laboratory tryptophane treatments under semicommercial and 
nilar : laboratory conditions respectively. Figure 5, part B, 
three lt plantarum acidity shows the average yeast numbers. 
counts a ma ; ; , . 
hout r" a e e Control (avg. of 4) lhe coliform populations varied considerably from 
uw on [o- 66eee 6S eO — _—* 41.0 one barrel to another. There was no indication that the 
vg. 0 : Ped 
opu- a fer, - cystine tryptophane treatments had any significant 
Gmmmmmeo effect on the number of coliforms during fermentation. 
hich 1.00F 47.0 In general, coliforms disappeared from all fermenta- 
t few A tions after 6 days. Apparently, unfavorable conditions 
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hane, 470 values of all corn steep liquor treatments examined. 
y was C The invert sugar contents of the different brines and 
erage 45.0 consequently the total sugar levels showed a rapid in- 
ments = rence after salti After reachi 9 maxi 
1 060 — Se Se 30 crease after salting. After reaching a maximum, the 
reater o 5 10 15 20 2 30 35 40 45 levels decreased at a more rapid rate than in the con- 
natiee TIME IN DAYS 3 ; 
ystine : ia - trol. For example, when corn steep liquor was added at 
eX fic. 4. Influence of addition of sugar, addition of cystine ; . . = . 
s@ CX- -eccavagetiien saps nage diac Aaccae secede lig- inoue the time of salting, or on the 7th day, no invert sugar 
dane and tryptophane, and addition of corn steep liquor to brines ‘ : 1 0.7 
I of laboratory cucumber fermentations on lactic acid and was detected on the 9th day as compared to 0.7 per 
Lactobacillus plantarum. cent for the control (table 1). Also, when corn steep 
rar by 
€ con- TaB.e 1. Per cent total sugar* in brines at semicommercial cucumber fermentations 
Per Cent Invert Sugart 
— ? Treatments 
— after . 
Brining . . stee 
ia No 0.5% 0.5% 1.0% 1.0% 1.0% Amino Amino ae. Corn steep | Corn steep taba 
treatment | Sucrose at | Sucrose on | Sucrose at | Sucrose on Sucrose acids at acids on oo var at liquor at liquor on pote 
(control salting 7th day salting 7th day (divided) salting 7th day yon Pa salting 7th day (divided) 
0-3 hr t 1.254 t 1.191 t | 0.673 t t < t t 0.687 
2 days 0.331 1.269 0.395 1.730 0.486 | 0.820 0.318 0.318 1.862 0.450 0.423 0.782 
6 days 1.008 1.697 1.013 1.964 0.882 1.234 0.963 0.927 2.000 0.906 1.037 1.132 
8 days 0.821 1.329 1.637 1.810 2.144 1.359 0.621 0.714 1.835 0.327 0.668 0.732 
9 days 0.777 1.003 1.029 1.529 2.024 0.791 0.593 0.782 1.316 0.327 0.165 0.418 
I] days 0.725 0.615 0.512 0.968 0.646 0.418 0.502 0.427 0.712 t t 0.268 
13 days 0.336 0.386 0.469 0.624 0.422 | 0.361 0.295 0.515 t t — 
15 days 0.091 . 0.407 0.317 | 0.055 0.109 —_ t t 0.305 
25 days t 0.151 0.114 0.241 0.250 t t t 0.136 t t t 
33 days t 0.165 | 0.138 | 0.173 | 0.290 t t t 0.147 t t t 
41 days t 0.056 0.062 0.080 0.069 t t t 0.122 t t t 
* Total sugar expressed as grams invert sugar per 100 ml of brine. 
cid an + Average of two determinations. 
t Less than 0.045 g invert sugar per 100 ml of brine. 
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liquor was added in combination with 1.0 per cent 
sucrose, the invert sugar levels generally decreased 
during the fermentation indicating its rapid utilization 
by the brine microorganisms. However, the brine 
acidity was similar but not greater than where only 
corn steep liquor was added without sugar. Therefore, 
the added sucrose was not converted to lactic acid. One 
can conclude then that the slight) increase in) brine 
acidity observed over the control in all corn steep 
liquor treatments was probably due to greater utiliza 


Tanne 2. Per cent total sugar® in brines of laboratory cucumbes 
fermentations 
Per Cent Invert Sugart 


Treatment 


Pine No Amino atc 
treat | OS) | Lo acids | Corn ee 
‘ ‘ Amino liquor 
ment vu yu and | steep 
ac and 
con CrOse | CHOSE u liquor ns 
trol CTOSE 
Crose 
Q hi 1.2841. 926)2.280)1 . 294/2.484 11. $84]2 252 
35 days O.88SL OOH L858 0.3840 1.879) -  OL899 
Sugar utilized 0.9038 0.982 0.87210.9538 1.055 1.289 1.3538 


* Average of two determinations 

| Total sugar expressed as grams invert sugar per 100 mi of 
brine 

t Less than 0.045 g invert sugar per LOO ml of brine. It was 
considered equal to 0.045 g when the amount of sugar utilized 
wis calculated 
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tion of the carbohydrates in the cucumbers by lactic 
acid: bacteria. 

The laboratory experiments agreed with the previous 
results. Figure 4 shows addition of corn steep liquor, 
alone or in combination with 1.0 per cent sucrose, ye. 
sulted in high acidity levels on the T1th day and there. 
after. This increase in acidity is significant since it ey. 
ceeded by far the variations found between duplicate 
determinations. 

The total sugar contents showed that 1. plantarum 
was able to utilize more of the naturally occurring sugar 
in the cucumbers when corn steep liquor was added to 
the flasks. Table 2 indicates that the amount of invert 
sugar utilized was 1.3 per cent in the corn steep liquor 
treated flasks, whereas, only 0.9 per cent was observed 
in the control. The combined treatment of corn steep 
liquor and sucrose showed almost the same results, 
Thus, the added sucrose was not utilized by, 
plantarum even in the presence of corn steep liquor, 

(2) Kffect of added corn steep liquor on microbiologic 
aclivily. The average populations of lactic acid bacteria 
in} corn steep liquor treated barrels and 3 controls is 
illustrated in figure 6. [tis evident from this graph that 
there was no significant difference during the first 2 
weeks of fermentation between the corn steep liquor 
treatments and the control. However, their numbers 
were higher than those of the control on the 29th day 
and thereafter. The log of count of these organisms was 
higher than the control by at least 1.7 (about 50 times 
greater). 

The over-all total bacterial changes during fermenta- 
tion resembled those of the acid formers. 

Under laboratory conditions, L. plantarum counts 
were higher than the control about the 15th day and 
thereafter (figure 4). 

Population changes of yeasts during fermentation ol 
5 barrels of cucumbers supplemented with corn steep 
liquor are shown in figure 5, part A. In general, yeasts 
reached a peak during the second week of fermentation 
but rapidly declined to a level lower than the control 
about the I8th day and maintained lower levels during 
the rest of the examination period. There was som 
evidence that combining sucrose with corn steep liquor 
might have some effect on yeast population. Their num- 
bers significantly increased when the treatment was 
made on the 7th day. 

As to coliforms, the corn steep liquor treatments had 
no effeet on their numbers during fermentation. 


Availability of Vitamins and Amino Acids 


In general, the vitamins; biotin, niacin, pantothenit 
acid; and the amino acids; leucine, isoleucine, cystine, 
valine, and glutamic acid gradually increased after 
brining. This was mostly due to withdrawing of the 
nutrients from the cucumbers by osmosis. After reach: 
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inga maximum, they maintained high levels to the end 
of the examination period, 

Tryptophane was the only amino acid affected 
by fermentation. Its levels reached a peak in from 6 
w 10 days, then markedly declined. This trend of 
changes Was observed in all sugar and cystine-trypto- 
phane treatments (figures 7 and 8). A good illustration 
of the tryptophane decline occurred when cystine and 
tryptophane were added on the 7th day (figure 8). 
Since no greater amounts of acid were formed as a re- 
sult of these treatments, tryptophane might have been 
that the 
presence of plentiful amounts of cystine and trypto- 


a limiting factor. However, it was noted 
phane during the active fermentation period was of no 
yalue in enhancing brine acidity. 

When corn steep liquor was added alone, tryptophane 
decreased slightly at the end of the examination period 
as compared with a large decline in case of the control 
(figure 9). evidently, smaller amounts of tryptophane 
were utilized by the brine microorganisms. This corre- 
lates with the results that lower yeast populations were 
found after IS days. About the same time, lactic acid 
bacteria maintained somewhat higher numbers than 
in the control. It has been previously reported that 
greater Utilization of sugar was observed when corn 
steep liquor was added. Apparently then, the added 
corn steep liquor enhanced the utilization of the avail- 
able sugar in the brine resulting in the production of 
greater amounts of lactic acid. When the combined 
treatment of corn steep liquor and sucrose was applied, 
the decline in tryptophane levels was greater at the end 
of the examination period than in the cases where corn 
steep liquor was added alone. However, a similar in- 
crease in acidity occurred. This would indicate that 
tryptophane was mostly utilized by yeasts and not by 


lactic acid bacteria. 
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DISCUSSION 


In this investigation, addition of 0.5 or 1.0 per cent 
sucrose did not accelerate acid formation. The increased 
acid production reported by many workers was probably 
only slight variations that normally occur between in- 
dividual fermentations. Total and lactic acid bacterial 
populations were not appreciably affected by the differ- 
ent sugar treatments. Normal variations in bacterial 
populations are probably responsible for discrepancies 
in the results of other studies. 

Under presumably optimum conditions, the utiliza- 
tion of total sugar was not enhanced by increasing the 
sugar concentration in the brine. As a matter of fact, 
L. plantarum strain 17-5 was not able to utilize all the 
naturally occurring carbohydrates in the cucumbers. 
The carbohydrate level available in the brine was not 
a limiting factor for the growth of these organisms. 

No appreciable effect on yeast numbers was observed 
when sugar was added at the time of salting. Ap- 
parently yeasts, which were introduced into the barrels 
by adhering to the cucumbers, were becoming adjusted 
to As fermentation pro- 
gressed, their adjustment was most likely the influenc- 
ing factor on their numbers. The rapid increase in yeast 


environmental conditions. 


population which was noted when sugar was added on 
the 7th day was probably due to the presence of a rich 
source of carbohydrates which they immediately uti- 
lized. When the sugar in the brine was considerably 
lowered, a corresponding decline in yeast numbers 
occurred. 

Addition of cystine and tryptophane showed no 
effect on total titratable acidity and microbiologic ac- 
tivity of cucumber fermentations. 

Addition of corn steep liquor to the cucumber salt 
stock barrels enhanced the production of lactic acid 
during the third week of fermentation and thereafter. 
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During the same period, high population of lactic acid 
bacteria were present, whereas, yeast numbers were 


low. 


With the exception of tryptophane, studies on the 


vitamins and amino acids which are essential for the 
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H. 8S. RAGHEB AND F. W. FABIAN 
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growth of L. plantarum indicated than an abundant 
supply of these nutrients was present at all times during 
fermentation. However, Costilow and Fabian (1953a) 
reported that cystine might possibly be reduced to q 
critical level under certain conditions. Since Aerobacter 
fermentation in this study was insignificant, no such 
effect on the cystine levels was observed. 

In all sugar and cystine-tryptophane treatments, 
tryptophane levels declined after the second week of 
fermentation. Thus, it seemed at first that tryptophane 
might have an important role in acid production, 
However, addition of corn steep liquor in combination 
with sugar stimulated acid formation, whereas, tryp- 
tophane levels were greatly lowered during the fermen- 
tation. Therefore, under the conditions of these experi- 
ments, tryptophane was not limiting for the production 
of lactic acid. Apparently, greater yeast activity was 
responsible for this reduction. Furthermore, in all 
barrels examined, tryptophane levels declined when 
yeast activity was greatest. It was probably utilized or 
destroyed by yeasts. These results agree with those of 
Rosen and Fabian (1953) and Costilow and Fabian 
(1953a, b). 

Results have also demonstrated that in all corn steep 
liquor treatments, there was a rapid utilization of sugar 
by the brine microorganisms. Thus, corn steep liquor 
might contain a substance or substances, other than 
those examined, which enhanced the utilization of the 
naturally oecurring sugars in the cucumbers. 

Another possibility might be that corn steep liquor 
provides an unknown factor (Heimbuch et al., 1956) 
when its concentration declines in the brine to a critical 
level. Several workers have shown that corn steep liquor 
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isa good source of soluble protein derivatives and min- 
erals as Well as growth promoting substances (Bowden 
and Peterson, 1946; Stefaniak et al., 1946). Since 
arginine, alanine, phenylalanine, and tyrosine have 
heen shown sometimes to be stimulatory or essential 
ior L. plantarum (Lyman et al., 1947), further investiga- 
tions along these lines would be of great interest. 


SUMMARY 


Studies were made during two seasons under semi- 
commercial and laboratory conditions of the influence 
of the addition of sugar, the addition of cystine and 
tryptophane, and the addition of corn steep liquor on 
the production of lactic acid, the microbiologic activity, 
and the availability of certain vitamins and amino acids 
in cucumber fermentation. 

Under the conditions of these experiments, acid pro- 
duction was not stimulated by the addition of sugar or 
eystine and tryptophane. Corn steep liquor, however, 
enhanced acid formation. It also increased the utiliza- 
tion of sugar in the brine. 

Under ideal Lactobacillus plantarum 
strain 17-5 was capable of producing only a certain 
amount of lactic acid irrespective of the amount of sugar 
or cystine and tryptophane in the brine. 

No lasting effect was observed on the total and lactic 
acid bacteria populations in all sugar and cystine- 
tryptophane treatments. Addition of corn steep liquor, 
however, stimulated the bacterial flora. 

Only the addition of sugar on the 7th day of fermenta- 
tion caused an immediate increase in yeast population 
which was followed by a rapid decline when the total 
sugar in the brine was considerably lowered. 

Tryptophane levels consistently decreased when yeast 
activity Was greatest. 


conditions, 


The possibility that corn steep liquor might contain a 
substance or substances, other than those examined, 
which stimulated lactie acid production is indicated. 
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Since the discovery of the stimulating effect: of corn later extended to include several strains descended from 
steep liquor on penicillin fermentation, various lactose- it. Unless specifically mentioned the fermentations were 
steep liquor media have been used in penicillin fermen- carried out with this strain. 
tations. The requirements for a good penicillin fermen- Spores were grown on a spore plate medium which 
tation are fulfilled by the steep liquor-lactose media by contained the following (in g per 1): honey, 60; peptone, 
virtue of its composition (Johnson, 1952). The produc- 10; agar, 25. Ten ml of sterile water were dispensed into 
tion of penicillin on a chemically defined medium (Jarvis each plate to prepare the spore suspension. Five ml of 
and Johnson, 1947) is evidence for the absence of any the suspension were used to seed the synthetic inoculum 
unknown essential factors in steep liquor. Therefore, medium which contained glucose, 4 g; calcium carbonate. 
natural materials other than steep liquor should) be 1.3 g; ammonium sulfate, 1.3 g¢; and 10 ml of a salt 
suitable for media for penicillin production, provided mixture per LOO ml of medium. The salt mixture had the 
that the constituents of such media are properly following composition (in g per L): KEHLPO,, 30; MgS0, 
balanced. *THLO, 2.5; Fe(NHy)o(SO4)2-GHLO, 1.0; CuSO,-5HL0, 

Several attempts have been made to replace steep 0.05; ZnSOy-7HLO, 0.2; NawSO,, 5.0; MnSO,-H.0, 
liquor with various organic nutrients in surface culture 0.2; CaCl 21,0, 0.5. After an incubation period of 
medium. Cook and Tulloch (1944) advocated the use of approximately 48 hr, 5 ml of the vegetative inoculum 
pressed juice from fresh peas as a substitute for steep were used to seed the fermentation medium. 
liquor. Wheat bran moistened with an equal weight of Kssential elements required by the mold were sup- 
water was proposed by Rao (1944). plied in the fermentation medium either by the nutrient 

Foster et al. (1946) reported that cottonseed meal had or when necessary by including 10 ml of salt mixture 
potentialities as a possible substitute for steep liquor in (of the above composition) per 100 ml of the medium. 
submerged penicillin fermentation. Perlman (1949) All fermentation media received 0.4 per cent caleium 
also showed that several protein materials may be used carbonate and 0.1 per cent sodium sulfate. 
as substitutes for steep liquor without marked reduction After the medium was autoclaved the pH was ad- 
in penicillin yield. justed with sulfuric acid to about 5.5. All fermentations 

In the work reported here, a number of organic were run in 500 ml Erlenmeyer flasks containing a total 
materials were used as nitrogenous nutrients in penicil- volume of 100 ml. The flasks were placed on a Gump’ 
lin production. In each case, an attempt was made to rotary shaker which described a 2-in. circle and operated 
adjust the concentrations of the constituents of the at 250 rpm. The temperature of incubation was 25. 
medium so that the best environmental requirements All fermentations were run in duplicate flasks, and the 
for penicillin production would be obtained. Changes figures reported here are the average of these 2 flasks. 
made in the composition of the medium were on the Samples for penicillin assay and chemical analyses 
basis of information obtained from analyses made were taken under aseptic conditions and handled in the 
during the fermentations. These studies have shown manner described by Gailey et al. (1946). 
that with proper adjustment of the composition of the Potassium phenylacetate at a 0.1 per cent level was 
medium a wide variety of materials may be used as added as precursor to all fermentations every 24 hr after 
carbon and nitrogen sources in the penicillin fermenta- the pH of the fermentation had risen above 6.5. 
tion. Analytical procedures. Penicillin was assayed by the 


Oxford cup method with JMJicrococcus pyogenes vat. 
Meruops anpd MATERIALS ‘ ‘ Sain cil 
aureus strain H as the test organism and penicillin Gas 

Fermentation techniques. The study was initiated with the standard. The pH of each sample was determined 
2 Spoil; —hrie tp) TAC 99 « mac ° ° » “ 
Penicillium chrysogenum strain W49-133) and was immediately after removal by means of a glass electrode. 


. “ 2 . " S arse Tere ater j » r » » r Shaffe 
1 Published with the approval of the Director of the All sugars were determined by the method of Shaffer 


Wisconsin Agricultural Experiment Station. Supported in and Somogyi (1933). Lactose was hydrolyzed with 1.9 
part by grants from Wyeth Laboratories, Philadelphia, N hydrochloric acid in an autoclave at 120 C for 15 min. 


Pennsylvania, and Abbott Laboratories, North Chicago, 
Illinois. ? B. F. Gump Company, Chicago, Illinois. 
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The standard lactose curve was used with lactose- ments for good penicillin production are the following: 
glucose combinations. The method for determination of growth of a good crop of mycelium; maintenance of the 
ammonia nitrogen was that described by Gailey ef al. mycelium with an adequate air supply; a pH value be- 
(1946). Soluble Kjeldahl nitrogen was determined by low 8 but not much below 7; conditions of partial 
the method of Johnson (1941). Mycelial nitrogen was carbohydrate starvation; and presence of phenylacetic 
determined by subtracting the soluble nitrogen present acid or other suitable precursor. For the growth phase, 
at the time of sampling from the soluble nitrogen present, a pH below 7 is desirable, and readily available carbon 
at the time of inoculation. It was not possible to deter- sources must be present. The partial carbohydrate 
mine mycelial nitrogen in media containing insoluble starvation required during the penicillin forming phase 
nitrogenous compounds. Mycelial nitrogen was not is ordinarily brought about either by the use of a poorly 
determined when the following substances were used as available energy source such as lactose, or by slowly 
the source of nitrogen: cottonseed meal, soybean meal, feeding a readily available source such as glucose. In our 
Curbay B-G,* and distillers’ solubles. experiments lactose was used. The carbon and nitrogen 
Materials. Corn steep liquor was obtained from the source during the growth phase was either steep liquor 
A. E. Staley Co. Difco tryptone, peptone, and yeast or any one of a variety of natural materials. 
extract, were used. I’ ffect of salt mixture. When tryptone or peptone was 
The fish solubles used contained 4.5 g Kjeldahl used as a nutrient it was found necessary to include salt 
nitrogen per 100 g. The cottonseed meal used had a mixture in the medium. The effect of including salt 
Kjeldahl nitrogen content of 7.8 per cent. mixture in media containing tryptone is shown in part 
The solvent extracted soybean meal used had 8.5 A of table 1. As may be seen from the table, the in- 
per cent Kjeldahl nitrogen. creased penicillin production obtained when salts were 
The distillers’ solubles used are available under the used was not entirely due to increased growth, since the 
trade name of Stimuflav.! This contained approxi- amount of penicillin produced per mg of mycelial 
mately 4 per cent Kjeldahl nitrogen. nitrogen also increased. 
Curbay B-G is the dried residue obtained from the The chemical changes occurring with and without 
molasses butanol fermentation. The residue had a high salt mixture in media containing 1.5 per cent tryptone 
ash and low nitrogen (2.5 per cent) content. and 3 per cent lactose are shown in figure 1. The amino 


acids and peptides present in tryptone were utilized in 
RESULTS AND DISCUSSION 2p i ae we 
preference to lactose as the carbon source during the 


Requirements for penicillin production. It has been growth phase of the fermentation. This resulted in the 
established (Johnson, 1952) that among the require- liberation of ammonia which served as the source of 
= * : : . ? : 7 itr re *] y > 4 ase : » fer » § j € 
ee a a ea nitrogen during the ne xt phase of the f rmé ntation and 
York. also caused a sharp rise in pH during the first 24 hr. In 
‘Hiram Walker and Sons, Inc., Peoria, Hlinois. the absence of salt mixture the ammonia released was 


TABLE 1. Effect of salt mixture on penicillin fermentation with Penicillium chrysogenum 


Nitrogen Source 


Series Strain Lactose Glucose Salt Mixture Penicillin pH Plateau* hg 


Compounds Concentration 
; . meg cio 
% % % u/ml mycelial hr 
A 19-133 Tryptone 1.5 3.0 0.0 - 240 535 7.43 94 
1.5 2.0 1.0 _ 140 250 7.80 118 
1.5 2.0 1.0 + 600 SOO 7.50 94 
1.5 3.0 0.0 + 800 1300 7.34 94 
B 19-133 Steep liquor 2.5 3.0 0.0 _ 735 7.46 72 
2.5 3.0 0.0 + 810 7.13 72 
Cottonseed 1.0 2.5 0.5 - 1080 7.4 S84 
meal 1.0 2.5 0.5 — 1130 7.4 114 
C 51-20F3 | Steep liquor 2.5 5.0 0.0 _ 1375 7.6 114 
2.5 5.0 0.0 -- 1700 7.3 114 
D 51-20F3 | Soybean meal 2.0 1.0 0.0 - 1140 6.9 96 
2.0 4.0 0.0 + 923 6.9 120 


All media contained 0.4 per cent calcium carbonate and 0.1 per cent sodium sulfate. 
*The pH plateau is defined as the average pH that exists in the medium during the penicillin production phase. 
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utilized at a slow rate. Due to the slow rate of ammonia 
utilization, the pH remained above the optimum for 
penicillin synthesis. The rapid utilization of lactose and 
ammonia in the presence of salt mixture served to main- 
tain the pH in a region suitable for penicillin synthesis. 
Therefore a higher penicillin yield was obtained on the 
medium with salt mixture than on the medium without 
salt mixture. It was not determined which of the con- 
stituents of the salt mixture were responsible for the 
observed effects. 
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HOURS 
Fia. 1. Effect of salt mixture on tryptone fermentation with 
Penicillium chrysogenum strain 49-133. 
-~= Medium without salt mixture. The medium con- 
tained 1.5 per cent tryptone and 3 per cent lactose. 
~-—-— = Medium with salt mixture. The medium contained 
salt mixture in addition to the above-mentioned constituents. 
Both media contained 0.4 per cent calcium carbonate and 
0.1 per cent sodium sulfate. 
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An attempt was made to control the rise in pH of the 
tryptone-lactose medium by adding 1 per cent glucose. 
The glucose served as one of the carbon sources during 
the growth phase of the fermentation. Therefore only 
small amount of ammonia was released and the rise in 
pH was less than in the medium without glucose. 
Ammonia released after the first 24 hr caused a sharp 
rise in pH. The slow utilization of ammonia in the 
absence of salt mixture caused the pH to stay at a level 
too high for optimum conditions for penicillin synthesis, 
The penicillin yields on the tryptone-lactose-glucose 
medium were therefore low. When 1 per cent glucose 
was added to the tryptone-lactose-salts medium the 
rise in pH was delayed by 24 hr. Because of the short 
period during which pH was maintained in the region 
suitable for penicillin synthesis, the penicillin yield 
on this medium was lower than those obtained with the 
tryptone-lactose-salts medium. 

Similar results were obtained when peptone was used 
as the nitrogen source. 

Salt mixture was usually not needed when complex 
materials such as steep liquor, cottonseed meal, or 
distillers’ solubles were used. The effect of salt mixture 
on fermentations with P. chrysogenum strain 49-133 
when steep liquor or cottonseed meal was used is given 
in part B of table 1. As may be seen from the table, salt 
mixture did not have any beneficial effect. on the fer- 
mentation. However, an exception was the fermentation 
of steep liquor medium with P. chrysogenum strain 
51-20F3. The results of this fermentation are given in 
part C of table 1. Since the effect of salt: mixture on 
fermentation of steep liquor medium was rather unex- 
pected, the run was repeated. It was found that the 
result was reproducible. The effect of salt mixture on 
penicillin yield in a fermentation with P. chrysogenum 
strain 51-20F3 when soybean meal was used is given it 
part D of table 1. As may be seen from the table, salt 
mixture did not have any beneficial effects on this fer- 
mentation. 


TABLE 2. Effect of glucose on penicillin fermentation with Penicillium chrysogenum 


Nitrogen Source 


Series Strain Lactose 
Compound Concentration 

A 49-133 Yeast extract 2.0 25 
2.0 3.0 

B 49-133 Fish solubles 2.0 2.6 
2.0 2.5 

2.0 3.0 

r 2.0 3.0 

C 49-133 Steep liquor 2.5 4.0) 
2.5 5.0 


All media contained 0.4 per cent calcium carbonate and 0.1 per cent sodium sulfate. 


Glucose Salt Mixture Penicillin pH Plateau* Palas 5 


% u/ml hr 
0.5 + 816 7.8 93 
0.0 + 120 8.36 18 
0.5 + | 75 7.13 90 
0.5 _ 680 ¢.22 90 
0.0 _ 328 7.86 90 
0.0 + 428 7.90 90 
1.0 _— 1345 7.3 114 
0.0 = 1375 7.6 114 


* The pH plateau is defined as the average pH that exists in the medium during the penicillin production phase. 
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NUTRIENTS FOR PENICILLIN PRODUCTION 


Effect of glucose. When glucose was absent from the 


medium, the amino acids and peptides in the nutrient 
were utilized in preference to lactose as the carbon 


source during the growth phase of the fermentation. 


This resulted in the liberation of ammonia which served 
qs the nitrogen source during the next phase of the 
‘fermentation and also caused a sharp rise in pH. It was 


necessary to control this rise in pH by adding glucose as a 


replacement for part of the lactose in media containing 
yeast extract, or fish solubles. The effect of including 


glucose in media containing yeast extract is shown in 
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Fig, 2, Effect of glucose on yeast extract fermentation with 
Penicillium chrysogenum strain 49-133. 


= Medium with glucose. The medium contained 2 


percent yeast extract, 2.5 per cent lactose, 0.5 per cent glucose, 


and salt mixture. 


= Medium without glucose. The medium contained 2 
per cent yeast extract, 3 per cent lactose, and salt mixture. 


Both media contained 0.4 per cent calcium carbonate and 
0.1 per cent sodium sulfate. 


TABLE 
Series »>train 
A 19-133 
B 51-20F3 
C 51-20F3 


All media contained 0.4 per cent calcium carbonate and 0.1 per cent sodium sulfate. 
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part A of table 2. The medium containing glucose gave 
higher yields of penicillin than the medium without 
glucose. Chemical changes obtained, with and without 
glucose, in media containing yeast extract, lactose, and 
salt mixture are shown in figure 2. When glucose was 
present in the medium the pH was maintained in a 
region suitable for penicillin synthesis. However, in the 
absence of glucose, the pH rose above 8 during the 
penicillin producing phase. Because the medium con- 
taining glucose had a greater supply of rapidly utilizable 
carbon available during the growth phase and because 
the pH was maintained in a region more suitable for 
growth, more mycelial nitrogen was present in this 
fermentation and a good penicillin yield resulted. The 
very poor yield without glucose is the result of the quite 
high pH obtained during the penicillin producing phase. 
Glucose also was found to be a necessary constituent of 
media containing fish solubles. The effect of including 
glucose in different media containing fish solubles is 
shown in part B of table 2. Because the pH of media 
containing glucose was maintained in a region more 
suitable for penicillin synthesis, the penicillin yields 
on these media were higher than those obtained in 
media without glucose. 

Glucose was not beneficial when included at low 
levels (0.5 to 1 per cent) in media containing the other 
natural materials studied. Obviously if glucose had been 
used to completely replace the lactose in the medium, 
then the growth phase would have continued until all 
the glucose was exhausted. Such a medium would have 
given a very low yield of penicillin. The effect of re- 
placing part of the lactose by glucose in a steep liquor 
medium is shown in part C of table 2. The medium 
containing glucose had a lower pH during the growth 
phase of the fermentation than the medium without 
glucose. However, the pH plateau during the penicillin 
producing phase was essentially the same in both media. 

Effect of lactose concentration. The length of time that 
the fermentation continues in the penicillin producing 
phase is determined by the concentration of lactose in 


3. Effect of lactose concentration on penicillin fermentation with Penicillium chrysogenum 





pH : 
Penicillin ce ee oa PE hg 
96 hr 120 hr 144 hr a” 
u/ml | : hr 
1480 8.3 96 
1655 Te | $3 96 
1610 7.82 7.98 120 
1375 T38 7.8 8.2 120 
1410 | 7.6 ihe 3 7.8 144 
1140 7.18 8.0 96 
1518 6.9 7.45 8.0 120 
1400 6.9 | 7.25 7.6 120 
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the medium. When all the lactose is exhausted, autolysis 
sets in, thereby terminating the penicillin producing 
phase of the fermentation. Therefore the amount of 
lactose in a medium is one of the factors determining 
the penicillin yields on that medium. 

When lactose was used at varying concentrations in 
the fermentation medium, it was found that 5 per cent 
lactose was sufficient to meet the needs of the mycelium 
during the penicillin production phase. Further increase 
in lactose concentration did not result in increased 
vields. The effect of increasing lactose concentration, on 


TABLE 4. Effect of the concentration of the nitrogenous nutrient 
on penicillin yield with Penicillium chrysogenum 


Nitrogen Source 


: heeak pH Time 
Series) Strain geen (Si a : jlin Pla- | of Max 
Compound — teau Yield 
w// % u/ml hr 
A 49-133 Tryptone 0:75 )50 | 355 | 7.5 120 
1.5 5.0 825 | 7.4 140 
3.0 5.0 118 | 8.1 48 
B 54-1255 Steep liquor 2.0 5.0. 1008 | 7.64 120 
2.5 5.0 | 1586 | 7.45 140 
3.0 5.0 | 18380 . 7.54 120 
3.5 5.0 | 2440 | 7.60 120 
4.0 5.0 2680 7.60 140 
4.5 5.0 | 2160 | 7.52 120 


All media contained 0.4 per cent calcium carbonate and 0.1 
per cent sodium sulfate. 

* The pH plateau is defined as the average pH that exists 
in the medium during the penicillin production phase. 


TaBie 5. Penicillin yields on various media with different 
strains of Penicillium chrysogenum 


Nitrogen Source 


Strain j sl — Mis. —_ of Max 
Compound |Concen all ae hie 
% % % u/ml 

49-133 Steep liquor 3.0 | 5.0 | 0.0) — |1660) 36 
Tryptone 1.5|5.0|}0.0; + |1170) 96 

Peptone 1.5|5.0|0.0| + | 930| 96 

Yeast extract 2.0} 4.0|1.0) — | 940) 96 

Fish solubles 2.0 4.0; 1.0} — (1030, 96 
Cottonseed meal) 3.0 | 5.0 | 0.0 ~ (1930 114 

Soybean meal 2.0 | 5.0 | 0.0 | — |1700) 114 

Distillers’ sol 4.0 5.0 | 0.0 — (1330 96 

ubles 

Curbay B-G 10.0 | 4.5 | 0.5 | — | 160) 84 

51-20F3 | Steep liquor 2.5 | 5.0 | 0.0 | + |1700, 114 
Soybean meal 3.0/5.0 | 0.0 | — |1540) 137 

F3-64 Steep liquor 3.0 | 5.0 | 0.0 | — {1800} 120 
Soybean meal 2.0 | 5.0 | 0.0 | — {2150} 120 

54-1255 | Steep liquor 3.5 5.00.0) — (2440 120 
Soybean meal 4.0 | 5.0 | 0.0 | — |1870) 120 


All media contained 0.4 per cent calcium carbonate and 0.1 
per cent sodium sulfate. 
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penicillin yield, in a steep liquor fermentation with P. 
chrysogenum strain 49-133 is shown in part A of table 3. 
When the lactose concentration was increased from 3 
per cent to 4 per cent, the onset of autolysis was delayed 
by 24 hr and a higher penicillin yield was obtained. 
When the lactose concentration was increased from 4 
per cent to 5 per cent, no increase in yield was observed 
although autolysis did not set in until after 120 hr. 
Owen and Johnson (1955) also found that maximum 
mycelial growth and penicillin yield in a shaken flask 
fermentation with strain 49-133 was obtained in ag 
medium containing 3 per cent steep liquor and 5 per 
cent lactose. Further increase in steep liquor or lactose 
concentration did not result in increased yields. The 
effect of increasing the lactose concentration on penicil- 
lin yield in a steep liquor fermentation with strain 
51-20F3 is given in part B of table 3. When the lactose 
concentration was increased from 5 per cent to 6 per 
cent, the onset of autolysis was delayed by 24 hr, but no 
increase in yield was observed. The effect of increasing 
lactose concentration on penicillin yield in a soybean 
meal fermentation with P. chrysogenum strain 51-20F3 
is given in part C of table 3. When the lactose concen- 
tration was increased from 4 per cent to 5 per cent, the 
onset of autolysis was delayed by 24 hr and a higher 
penicillin yield was obtained. When the lactose concen- 
tration was increased from 5 per cent to 6 per cent, no 
further increase in yield was observed although autolysis 
did not set in until after 150 hr. On the basis of these 
experiments 5 per cent lactose was selected as the 
concentration to be used in the medium. 

Effect of the concentration of the nitrogenous nutrient. 
To determine the optimum concentration of a given 
nitrogenous nutrient, it was included in the medium ata 
range of concentrations with 5 per cent lactose. The 
concentration of the nutrient giving the best yield of 
penicillin was selected as being optimal. This method of 
approach is illustrated in parts A and B of table 4. 

Penicillin production on various nutrients. The penicil- 
lin yields obtained on media developed for the different 
nutrients studied are given in table 5. It is apparent 
from the table that steep liquor, cottonseed meal, 
soybean meal, and distillers’ solubles are the best of the 
organic nutrients studied. 

Due to the relatively low nitrogen content of Curbay 
B-G, it had to be used at rather high concentrations. 
At these concentrations the inorganic salts in the nu- 
trient probably had a toxic effect. which would explain 
the very low yields of penicillin obtained with this 
nutrient. 


SUMMARY 


The utilization of various organic materials as nl- 
trogenous nutrients in penicillin production by several 
strains of Penicillium chrysogenum was studied. In each 
case an attempt was made to adjust the concentrations 
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of the constituents of the medium so that the best 
environmental conditions for penicillin production were 
obtained. Peptone and tryptone were unable to supply 
the essential elements required by the mold. Therefore 
asalt mixture was added to prepare a complete medium 
with these nutrients. Glucose was found to be necessary 
when media containing yeast extract or fish solubles 
were used. Lactose at a 5 per cent level was found to be 
sufficient to meet the needs of the mycelium during the 
penicillin production phase. The optimum concentra- 
tion of the nitrogenous nutrient was determined in a 
medium containing 5 per cent lactose. It was observed 
that steep liquor, cottonseed meal, soybean meal, and 
distillers’ solubles were the best of the organic nutrients 
studied. 
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Characteristics of the undesirable malodorous fer- 
mentation of brined olives known as ‘‘zapatera’’ have 
been described in some detail by Ball (1938), Cruess 
(1924), Delmouzos, et al. (1953), Kawatomari and 
Vaughn (1956), Vaughn (1946), and Vaughn ef al. 
(1945). The first off-odors to appear have been called 
“cheesy” or “‘sagey”’ but, as the spoilage progresses, 
they eventually develop into an unforgettable, foul, 
fecal stench. There is a continuous loss in acidity as the 
spoilage develops. As shown by Delmouzos et al. (1953), 
part of the odor results from the volatile acids developed 
in the spoiled brine samples. These include formic, 
propionic, butyric, valeric, caproic, and caprylic acids, 
together or in various combinations. In contrast, the 
hormal brines contain acetic, lactic and sometimes 
succinic acids, but none of the more odoriferous volatile 
acids were found in the spoiled samples. 

Recently, Kawatomari and Vaughn (1956) were able 
to associate various species of Clostridium with zapatera 
spoilage. However, none of the cultures studied pro- 
duced propionic acids under the conditions tested. 
Therefore, an additional study was initiated to deter- 


mine whether species of Propionibacterium might also 
be associated with the spoilage. The characteristics of 
species of propionic acid bacteria actually associated 
with zapatera spoilage of different kinds of brined olives 
are described below. 


EXPERIMENTAL METHODS 


Sources of cultures. In addition to the 54 samples 
previously examined by Kawatomari and Vaughn 
(1956), 33 more suspected samples of zapatera olives 
were tested in this study. The 33 new samples were 
obtained from Californian, Grecian, Algerian, and 
Spanish sources. The foreign samples were collected 
through the courtesy of a number of importers. Addi- 
tional samples from California included brined olives 
to be used for preparation of California canned ripe 
olives as well as Sicilian and Spanish type green fer- 
mented olives. The imported samples comprised brined, 
ripe (mature and colored) olives from Greece, Spanish 
type green fermented olives from Algeria and Spanish 
green fermented olives. 
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Sixty-eight cultures of propionic acid bacteria were 
isolated from these samples. 

Enrichment of the cultures. The enrichment medium, 
patterned after that of van Niel (1928), had the following 
composition: yeast extract (Difco), |g; sodium lactate, 
2 g; and distilled water to make 100 ml. Lactic acid 
(USP, or reagent grade) neutralized with 10 per cent 
NaOH to pil 7.0 before sterilization was used in place of 
commercial sodium lactate. The latter apparently still 
contained some of the free acid and on sterilization the 
pli of the medium was found to be too low. Unless a 
small amount of calcium carbonate was added, the pH 
of the lactate medium after sterilization at 121 C for 
15 min ranged between 5.2 and 5.4. The enrichment 
medium, without added carbonate, was sterilized by 
means of a Seitz filter that had been sterilized at 121 C 
for 45 min. Tubed media were inoculated, sealed with 
vaspar and incubated at 30°C. If sufficient numbers of 
propionic acid bacteria were present, a marked turbid- 
ity and gas, as indicated by the upward displacement. of 
the vaspar plug, developed in either of the enrichment 
media within 5 to 7 days. With suspected samples 
(incipient spoilage), the incubation period was extended 
to between 15 and 20 days. In contrast, controls and 
those tubes inoculated with healthy (normal) brines 
remained clear for over 2 months of incubation at 30°C. 

Between 3 and 5 consecutive transfers were made 
after gas formation and turbidity were observed in the 
first enrichment tubes. In general, 5 consecutive trans- 
fers were required to permit the propionic acid bacteria 
to dominate the microbial populations in either of the 
enrichment media. When growth and gas production 
were uniform through at least 2 consecutive transfers 
an attempt was made to isolate and purify the bacteria 
that had predominated the enrichment process. 

Purification of the cultures. The following medium 
was used for isolation of pure cultures of the propionic 
acid bacteria: yeast extract (Difco), 1 g; glucose, 2 g; 
calcium carbonate, 2 g; agar, 1.5 g¢; and distilled water 
to make 100 ml. This medium was sterilized by auto- 
claving at 121 C for 20 min. Plates of this medium 
were streaked and incubated at 30 C in anaerobic jars 
(MeIntosh-Fildes type!) either in an atmosphere of 95 
per cent nitrogen and 5 per cent COs or in air displaced 
with about 5 per cent COs. Both methods of incubation 
gave good results. 

After incubation for 7 to 15 days, characteristic 
hemispherical colonies had developed on the surface of 
the medium. These colonies (all well isolated) varied in 
diameter from 1 to 3 mm. All had a creamy, butyrous 
texture and were whitish or tan in color. These primary 
isolates were purified by 3 or 4 restreakings on the glu- 
cose agar until the same homogeneous colony types 
appeared on each consecutive plating. 


Arthur H. Thomas Co., Philadelphia, Pennsylvania. 
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Sixty-eight gram = positive, catalase positive pure 
cultures were obtained for study. All of these isolates 
were allocated to the genus Propionibacterium because 
each formed acetic and propionic acids as well as carbon 
dioxide in the lactate medium. The organic acids were 
determined by paper chromatography (Brown and Hall, 
1950; Lugg and Overell, 1948). Carbon dioxide was 
measured manometrically. 

Three kinds of isolates were recognized. Additional 
study of the 68 isolates revealed three groups which 
might merit. speciation. 

The choice of criteria used for identification of the 
cultures was based on the studies of van Niel (1928) and 
von Janoschek (1944) as summarized by van Niel in 
Bergey's Manual of Determinative Bacteriology (1948), 
Species allocation was based on significant differences 
in cell and colony size, colony color, degree of anaero- 
biosis each culture tolerated, and ability to ferment 
carbohydrates. These compounds (sugars, glucosides, 
and polyalcohols), in concentrations of 2. per cent, were 
contained in a basal medium of | per cent yeast extract 
(Difco) in distilled water. The finished media, in 15 ml 
portions, were adjusted to pH 7.2 before sterilization 
at 121C for 15 min. The compounds subject to hy- 
drolysis under such conditions were sterilized by Seitz 
filtration. After inoculation, the tubes containing the 
various carbohydrates were incubated at 30.C for 1 
days. Then 10 ml aliquots were titrated in 50 ml of 
distilled water to the phenolphthalein end point with 
0.1 N NaOH. Controls included inoculated tubes con- 
taining only yeast extract, plus uninoculated tubes with 
each carbohydrate in yeast extract. 

Control cultures obtained from Professor C. B. van 
Niel were used throughout the study. These included 
the species Propionibacterium — freudenreichii, Pro- 
pronibacterium jensenti, Propionibacterium pentosaceum 
and Propionibacterium zeae. 


CHARACTERISTICS OF THE ISOLATES 


In many respects the isolates were very similar. Cells 
of all cultures had metachromatic granules. They were 
nonmotile and without endospores. ‘“Involution’’ cell 
forms were irregular, clubshaped, branched rods. When 
grown aerobically in unbuffered media, the involution 
forms were frequently of a shape reminiscent of rattle- 
snake rattles (see figure 1). None of the cultures pro- 
duced indol, reduced nitrates, or liquefied gelatin. 

The important differences that could be used for 
separation of the cultures into species are shown in 
table 1. All zapatera cultures fermented L-arabinose, 
glucose, fructose, galactose, sucrose, lactose, maltose, 
raffinose, aesculin, salicin, glycerol, and mannitol, but 
did not cause significant acid production from dextrin, 
dulcitol, glycogen, inulin, or starch. 

P. zeae, represented by 2 similar but distinguishable 
forms, was recovered most frequently from the spoiled 
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prines. As shown in the table, the Type I cultures, 


including 32 isolates, had characteristics similar to those 


of the control culture of the species received from Pro- 
fessor van Niel. However, the 14 Type IT isolates of 
P. zeae differed in several characteristics. These latter 


ultures grew somewhat better under aerobic conditions, 


but produced little more than half as much titratable 


acidity 


from the compounds attacked (/-arabinose 


excepted) as did the more typical Type I isolates. The 
smaller Type I cells (0.6 to 0.74 by 1.5 to 1.84) did not 
settle out in 15 days but retained a relatively uniform 


turbidity throughout the lactate medium whereas the 


le 


urger cells of the Type IL isolates (0.8 to 1.04 by 1.8 


to 2.0u) had settled enough to leave the upper third 
of the medium clear. In contrast, the cells of the P. 
pentosaccum isolates, largest of the three (0.8 to 1.04 
by 3.0 to 3.64), had completely settled in 15 days, 


le 


aving a clear supernatant medium with a thick, 


slimy sediment. 


As shown in the table, the differences in fermentation 


of the pentoses also served to separate the 2 types o 
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P. zeae from the P. pentosaceum isolates. However, it is 
to be stressed that the authors do not consider the slight 
differences in characteristics observed for the P. zeae 
cultures sufficient to merit separate species allocation. 
Therefore, under the conditions of these experiments, 
it would be possible to associate only 2 species of 
Propionibacterium with the malodorous zapatera spoil- 
age of olives. However, before this supposition could be 
substantiated, it was also necessary to determine the 
tolerance of the isolates to salt and changes in pH 
values as well as their ability to grow and produce 
propionic acid in sterile olive brines. 


Maximum — salt tolerance. As summarized — by 
Kawatomari and Vaughn (1956), most olives are 


fermented in brines containing about 5 to 8 per cent 
salt, and, after fermentation, may be stored in brines 
containing as much as 15 per cent. Therefore, it was 
desirable to determine the salt tolerance of the cultures 
in order to associate more firmly the propionic acid 
bacteria with zapatera spoilage. 

To test the tolerance of the bacteria to salt each iso- 
late was inoculated into the lactate enrichment medium 
with 0.1 per cent added sodium chloride (the complete 
medium at pH 6.5 sterilized by Seitz filtration). After 
this slight adaptation the cultures were transferred to 
the same basal medium with 4 per cent NaCl; when 
growth was observed at this concentration, a portion of 
the culture was transferred to the medium containing 
5 per cent. This adaptation technique was continued 
with increasing concentrations of salt in 1.0 per cent 
increments until the cultures failed to grow. At this 
point 0.5 per cent increases in salt were tested with each 
culture. When growth was not observed within a 
maximum of 25 days’ incubation at 30C, negative 
results were recorded. 

All of the bacteria (zapatera and control cultures 
alike) grew in the lactate medium containing 4.0 per 
cent salt. However, as shown in table 1, the cultures 


TABLE 1. Characteristics of species of Propionibacterium from ‘‘zapatera’’ olive brines* 


Diagnostic Carbohydrate Fermentations 


| | ° ° 
| Glucose | Sucrose | L-Rhamnose Species Allocation 


Average m1 0.1 N NaOH to neutralize 10 ml of culture 


Jsolates from zapatera brines 


| 
32 | Cream 





2 Poor 0 1.8 0 9.6 11.2 4.6 P. zeae (Type I) 
l4 | Cream Fair 0 1:2 0 5.8 5.9 4.2 P. zeae (Type II) 
22 | Cream Fair 13.4 9.3 2.7 12.5 10.6 | 4.8 P.. pentosaceum 
Pure culture controls 

1 | Dirty cream Scant 8.3 0 0 7.8 | 0 0 \P. freudenreichti 
1 | Cream Poor 0 6.1 0 10.5 14.2 5.1 P. zeae 

1 | Orange Fair 0 5.8 0 14.1 9.6 0 P.. jensenii 

yellow 
1 | Cream Good 6.7 2.8 ave 4.4 4.9 4.2 


* All characteristics observed after 15 days incubation at 30 C 


P. pentosaceum 
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identified as P?. pentosaceum and P. zeae (Types I and 
I1) were the most salt tolerant. The former species grew 
in the presence of 7.0 per cent salt whereas the latter 
two types tolerated 7.5 per cent. The control cultures 
of P. pentosaceum and P. zeae also were more salt tol- 
erant than those of the species P. freudenreichii and 
P. jensenii. 

Minimum pif tolerance. In order to avoid zapatera 
spoilage, it has been common practice in the California 
olive industry to attempt to control the fermentation 
until the pH of the brine has decreased to about 3.8. 
Kawatomari and Vaughn (1956) already have shown 
that both pH and salt tolerance are involved in control 
of the clostridia associated with zapatera. Therefore, it 
was desirable to determine the minimum pH _ value 
tolerated by the propionic acid bacteria already pro- 
visionally associated with the spoilage. 

The effect of pH on the cultures was tested by 
growing the isolates in a lactate medium at different 
pH values between 4.0 and 9.0 at 0.2 unit intervals. 
The basal medium, similar to the one used for enrich- 
ment, made with 2 per cent lactic acid had a pH value 
of 3.2. The desired pH was obtained by adjustment 
of the medium with 10 per cent NaOH. Then it was 
sterilized by Seitz filtration and tubed under aseptic 
conditions in sterile tubes. 

An adaptation technique was used for determining 
the pH range for growth of the cultures. With this 
method each culture was transferred to the lactate 
medium with the next higher or lower pH from neu- 
trality until the cultures failed to grow. Negative results 
were recorded when the cultures failed to grow after 25 
days’ incubation at 30.C. 

As shown in the table the cultures were not able to 
grow at very low pH values. The minimum values 
tolerated ranged between 4.8 and 5.2. The maximum 
pH values for growth ranged between 7.2 and 8.0. For 
optimum growth in the medium the pH values should 
be between 6.5 and 7.0. From these observations it 
appears that any involvement of the propionic acid 
bacteria in zapatera spoilage must be limited to condi- 
tions of low acidity where the pH of the brine is 4.8 or 
above. 

Production of propionic acid in olive brines. Demon- 
stration that the propionic acid bacteria could produce 
propionic acid in olive brines was required if they were 
to be associated with zapatera spoilage. Preliminary 
experiments with normal commerical and laboratory 
fermented olive brines were unsuccessful. The cultures 
all failed to grow in brines adjusted to pH 5.5 before 
sterilization by Seitz filtration. However, when these 
partially neutralized brines were supplemented with 
0.5 per cent yeast extract (Difco) or 0.5 per cent yeast 
extract plus 0.2 per cent glucose the cultures all grew 
and produced propionic acid in the brines. Furthermore, 
a definite “cheesy”? odor was produced although it was 
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masked somewhat by the “scorched” odor developed 
When the brines were adjusted to pH 5.5 before steril. 
zation. 

The relatively complex nutritional requirements of 
the propionic acid bacteria are well known (Delwiche. 
1949). Therefore, on the basis of these past experiences 
it might have been predicted that the zapatera isolates 
of propionic acid bacteria would not grow in normal. 
readjusted sterile brines without addition of supple. 
mentary nutrients, even though an abundance of lactate 
was available. Kawatomari and Vaughn (1956) also 
experienced such a difficulty with species of Clostridium 
that were grown in similar olive brines. However, until 
now, it has not been possible to elucidate all of the fae- 
tors which predispose olive brines to zapatera spoilage, 
It can only be speculated that unknown, nutritiveacces. 
sory compounds are not readily available to the bae- 
teria; are present in insufficient quantities; or are com- 
pletely absent from the brines. The possibility also 
exists that inhibitory substances are formed or de- 
stroyed by neutralization and heat sterilization of the 
brines or that essential compounds are removed during 
filtration sterilization. 

DISCUSSION 

The association of the propionic acid bacteria with 
zapatera spoilage of olive brines helps to clarify the 
etiology of this malodorous fermentation. It is believed 
that the propionic acid found by Delmouzos et al. 
(1953) to be present in most zapatera brines is pro- 
duced by 2 species, P?. pentosaceum and P. zeae, the 
only types of propionic acid bacteria isolated from the 
spoiled brines involved in this study. These bacteria 
grown in pure culture in supplemented. olive brines 
produced propionic acid and developed a ‘‘cheesy” 
odor, the first abnormal odor detected in cases oi 
zapatera spoilage. However, it is certain that if the 
malodorous spoilage progressed no further than the 
fermentation of lactate by the propionic acid bacteria, 
it would be so minor as to be classed as inconsequential 
in commerce. 

If the propionic acid bacteria appear first in the 
sequence of microorganisms responsible for the develop- 
ment of zapatera they may play a major role by causing 
an increase in pH so that the species of Clostridvum cal 
produce components of the more odoriferous parts of th 
fermentation. This is conjectural because Kawatomat! 
and Vaughn (1956) already have shown that man) 
species of Clostridium are as tolerant to low pH as are 
the two species of Propionibacterium described here 
furthermore, yeasts from olive brines cause. lactate 
decomposition under aerobic conditions according to 
Mrak, ef al. (1956). It will be possible to delegate rela- 
tive responsibility only when more is known of the 
significance of other microorganisms in the zapatera 


fermentation. These unknown microorganisms may 
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contribute accessory growth factors needed by the 
species. of Clostridium and Propionibacterium or ab- 
yormal volatile compounds that contribute to the com- 
plex of odors characteristic of zapatera spoilage. 

Nothing is known of the accessory growth factors 
that may be available in the brines. Soriano and 
Soriano (1946) and Soriano (1955) have claimed that 
the sulfate reducing bacterium Desulfovibrio desulfurt- 
cans is the cause of zapatera spoilage. Nevertheless, 
hydrogen sulfide does not appear to be a significant 
constituent of such spoilage. None of the zapatera 
olives and brines examined by Vaughn and co-workers 
has ever had a pronounced hydrogen sulfide odor. 
Furthermore, three separate exploratory studies failed 
to vield a single positive enrichment for D. desulfuricans 
from the samples investigated by Kawatomari and 
Vaughn (1956) plus the additional ones used in this 
study (Vaughn ef al., 1956, Unpublished Observation). 
However, the possibility still exists that other micro- 
organisms contribute to the malodorous volatile com- 
pounds involved in the spoilage. Levin and Vaughn, 
(1956, Unpublished Observation) have found bacteria 
capable of lipolytic breakdown of olive oil to be present 
in zapatera brines. Experiments in progress should 
eventually determine the relationship of these fat 
splitting bacteria to zapatera spoilage. 
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SUMMARY 

The characteristics of 68 cultures of Propioni- 
bacterium isolated from ‘‘zapatera” olive brines are 
described. Two species, Propionibacterium pentosaceum 
and Propionibacterium zeae, are identified. The 46 
isolates of the species P. zeae, represented by 2 types, 
predominated among the cultures isolated in this study. 
The 2 types differed in that the 32 Type I cultures 
produced more acid from glucose and sucrose than did 
the 14 Type II isolates. Variability in other characteris- 
ties of these 2 types of P. zeae was so slight that separate 
species allocation for either type was not warranted. 
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The isolates of P. pentosaceum and P. zeae produced 
propionic acid and a “cheesy” odor in olive brines when 
suitable conditions were maintained for growth of the 
cultures. Therefore, the propionic acid found in zapa- 
tera brines may be produced by propionic acid bacteria. 
However, the association of species of Propionibacterium 
with this malodorous fermentation still does not provide 
a complete explanation of the etiology of the spoilage. 
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Production of glycerol by yeast fermentation in the 
presence of sulfites or alkali salts has been the subject of 
much investigation. Of the various processes proposed, 
only the bisulfite process has been operated industrially, 
and then only in time of war. 

Addition of so-called steering agents has given only 
about 60 per cent of the theoretical yield because the 
concentration at which they can be used is limited by 
their toxicity. Even under practical conditions of 
fermentation, the amount of sulfite or alkali salts is so 
great that the recovery of glycerol becomes a difficult 
operation (Underkofler and Hickey, 1954). 

The realization that enzymes are under genetic con- 
trol leads to another possible approach to obtaining 
higher glycerol yields. This approach has already been 
utilized with marked success in the production of peni- 
cillin and streptomycin, where higher yielding mutants 
have been obtained after ultraviolet and nitrogen mus- 
tard treatment of spore suspensions. 

In the case of glycerol fermentation, it seems probable 
that a genetic block at one of several points might result 
in higher yields of glycerol. A mutant lacking alcohol 
dehydrogenase would be unable to utilize acetaldehyde 
for the reoxidation of DPNH, and should give a higher 
vield of glycerol without steering agents. A mutant pro- 
ducing large amounts of acetic acid should give high 
vields of glycerol, since formation of acetic acid is 
coupled with glycerol production. Such mutants would 
of course have to be able to reduce phosphodihy- 
droxyacetone to phosphoglycerol. Attempts have been 
made to find such mutants. 


MATERIALS AND METHODS 


Cultures. Torula utilis strain 3 (Candida utilis) was 
obtained from the Department of Bacteriology and 
Saccharomyces cerevisiae strain WY38 from the Genet- 
ics Department of the University of Wisconsin; Sac- 
charomyces cerevisiae strain 49 from the Forest Products 
of Agriculture; and 
Zygosaccharomyces acidifaciens from the Northern Utili- 
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Fermentations tn the absence of sulfite. Medium no, | 
was used in all such fermentations and contained com- 
mercial glucose, 10 g; tryptone (Difco), 5 g; yeast 
extract (Difco), 0.1 g; KH2PO,, 2.7 g; and K.HPO, 
7.3 g¢ per L. With less glucose and more buffer than in 
the sulfite fermentation, acidic conditions could be 
controlled. Without adequate buffer, 7. utilis fer- 
mentations reached pH 3 or lower. The glucose, tryp- 
tone, and yeast extract were dissolved in 900 ml of water, 
and 18 ml of this solution was dispensed into 18 by 250 
mm test tubes. A 10 per cent solution of the phosphate 
salts was prepared separately, and both solutions were 
sterilized by autoclaving. Two ml of the buffer solution 
were added to each tube before inoculation. This gaye 
a pH of about 7.5. The tubes were incubated at 30 C for 
about 3 days, and then the pH was between 6.8 and 
7.2, depending on the organism used. Samples for analy- 
sis were taken before and after incubation. 

Fermentations in the presence of sulfite. The following 
medium (no. 2) with slight modifications in glucose 
concentration, as indicated in the tables, was used in 
all such fermentations: commerical glucose, 30 ¢; 
tryptone, 5g; KH2PO,, 1 g; KeoHPOs,, | g; yeast extract, 
0.1 g; and water, 1,000 ml. Two hundred and fifty ml 
Krlenmeyer flasks containing 100 ml of the medium were 
autoclaved at 15 to 20 Ib pressure for 15 min. The 
pH after autoclaving was 6.4. An 18 to 24 hr culture was 
used as inoculum. The amount of inoculum varied from 
0.2 to 1 ml, depending on the development of the organ- 
ism used. The flasks were incubated at 30 C, and growth 
was followed by determining the per cent transmission 
of light at 660 my in the Evelyn colorimeter*® (18 mm 
tubes). When the transmission reached 60 per cent 
(about 30 X 108 cells per ml for 7’. utilis), the pH was 
adjusted to 6.8 with sterile 0.1“ NaOH. Samples were 
then removed for sugar and glycerol analyses, and 2 ml 
of sulfite solution were added. This solution contained 
11.4 g of sodium pyrosulfite (equivalent to 12.5 g al 
sodium bisulfite) and 12.5 g of sodium sulfite per 100 
ml, and was sterilized by Seitz filtration. The sulfite con- 
centration of the medium was followed by iodine 
titration and, when about one-third of the sulfite had 
been bound, a second 2 ml portion of sulfite solution was 
added. Thus a total of 1 g of mixed sulfite salts was 


> Rubicon Co., Philadelphia, Pa 
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added. Incubation was continued until iodine titration 
showed no increase in bound sulfite over a 4 to 8 hr 
period. 

Arelatively low sugar concentration was used so that 
the required amount of sulfite could be added in two 
aliquots without approaching the concentration of free 
sulfite which seriously inhibits the parent 
(about 2 per cent at pH 6.8). 


strains 


ANALYTICAL METHODS 


Determination of free and bound sulfite. Three drops of 
starch indicator and 0.1 ml of 0.1 ~ HoSO, were added to 
al ml sample, and the mixture was titrated with 0.1 
iodine to an end point stable for at least 1 min. This 
titer was expressed as SO; and called “free sulfite.”’ 
Excess solid sodium bicarbonate was then added and the 
solution Was again titrated to a slightly blue end point. 
This second titer was taken as a measure of the bisulfite 
bound as the aldehyde-bisulfite complex, and was 
expressed as sodium bisulfite, acetaldehyde, or glycerol, 
as Was desired to follow the course of the fermentation. 

Determination of glucose. Glucose was determined by 
the copper reduction method of Shaffer and Somogyi 
(1933). In sulfite fermentations, the aldehyde-bisulfite 
complex breaks down under the alkaline conditions of 
the determination, and the components interfere with 
the analysis. Addition of calcium hydroxide precipitates 
the sulfite, but the acetaldehyde remains. Tests in- 
dicated that at pH 1.5 the bisulfite complex could be 
decomposed and the aldehyde and sulfite could be re- 
moved by heating on a water bath until the initial 
volume was reduced by !o to 24. Loss of sugar under the 
same conditions amounted to only 2 per cent at an 
initial concentration of 30 mg per ml. 

Other analyses. Glycerol was determined directly on 
the broth by the colorimetric method of Lambert and 
Neish (1950). Corrections for sugar were made where 
they were significant. Volatile neutral products (VNP) 
were Obtained by distillation of the broth, previously 
adjusted to pH 7.5, until at least half of the original 
volume had passed over. Ethyl alcohol was determined 
on aliquots of the VNP distillate by oxidation with 
dichromate (0.2 \ in 5 N H.SO,) and titration of residual 
dichromate with 0.1 ~ thiosulfate after the addition of 
excess potassium iodide. 

Acetylmethylearbinol was determined by the method 
of Langlykke and Peterson (1937). Acetaldehyde was 
determined by the colorimetric method of Desnuelle 
and Naudet (1945). Formaldehyde, acetic acid, ethyl 
alcohol, and acetone have no effect on this determina- 
tion, even when they are present in 20 times the concen- 
tration of the acetaldehyde. Sodium bisulfite does 
interfere, but was removed by preliminary titration 
with iodine at pH 7.5. 

The residue from the VNP distillation was reduced to 


about one-fifth the original volume of the broth. The 
pH was then adjusted to 2 with HoSO, and the solution 
was distilled with concurrent addition of CO.-free water 
until 10 volumes had been collected. Aliquots of this 
distillate were titrated with 0.1 N BafOQH),. to a phenol 
red end point, and acidity was expressed as acetic acid. 
The residue from the volatile acid distillation was 
made up to volume, and an aliquot was extracted with 
ether overnight in a small liquid extractor. Tests showed 
that this was sufficient time to extract all the pyruvic 
acid. After evaporation of the ether, the residue was 
made up to the original volume of the aliquot with 
CO.-free water. Pyruvic acid was determined in aliquots 
of this solution by the following modification of a 
method that has been widely used in the determination 
of a-keto acids (Lu, 1939; Friedmann and Haugen, 
1943). An aliquot containing 20 to 100 ug was made up 
to 3 ml. One ml of 2,4-dinitrophenylhydrazine reagent 
(1 mg/ml in 2 Nn HCl) was added. The tubes were al- 
lowed to stand for 5 min, and 5 ml of 2 nN KOH were then 
added. Per cent transmission at 565 my was determined 
in the Evelyn colorimeter and compared with standards 
prepared from weighed amounts of sodium pyruvate. 


Production and Isolation of Mutants 

All media were sterilized at 15 to 20 lb pressure for 
15 min unless otherwise specified. Solid media were 
prepared by addition of 1.7 per cent of agar. Difco agar 
was used in all ‘‘minimal”’ media. 

Basal salts solution. This solution contained the in- 
organic constituents as used by Olson and Johnson 
(1949) with the following changes: KH».PO, was reduced 
to 0.7 g, 0.4 g of KeHPO, was included, and the salts 
were dissolved in 900 instead of 1,000 ml. 

Glucose minimal medium (no. 3) was prepared by add- 
ing | volume of 10 per cent glucose solution to 9 vol- 
umes of the basal salts solution before autoclaving. 
Vitamins and casein hydrolyzates (Difco) in many 
different combinations were added to the glucose mini- 
mal medium to determine which yeasts needed these 
nutrients. 

Complete medium (no. 4). This medium was the same 
as medium 2, except that glucose was reduced to 10 g 
and KH2PO, was increased to 1.7 g per L. 

Acid indicator medium (no. 5). This medium contained 
glucose, 50 g; tryptone, 20 g; yeast extract, 1 g; KsHPOs, 
3.5 g; KH2PO,, 6.5 g; agar, 17 g; and bromeresol green, 
0.2 g per L. 

Ultraviolet treatment. T. utilis was grown overnight in 
the glucose minimal medium. The cells were centrifuged, 
washed with sterile distilled water, and resuspended in 
distilled water to give about 5 X 10° cells/ml (90 per 
cent transmission at 660 my). Fifteen ml of this suspen- 
sion (in a 9 em diameter Petri plate) were irradiated by a 
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15 watt General Electric! sterilamp at a distance of 50 
em. The suspension was agitated during irradiation by 
means of a rotary table making one revolution per 
second. Irradiation was continued for various times 
between 4 and 5.5 min, to give, in the absence of any 
postirradiation treatment, survivals of from 3 to 0.01 
per cent as designed in particular experiments. 

Light reactivation. In experiments on light reactiva- 
tion, the irradiated suspension was centrifuged and the 
cells were suspended in the basal salts solution. An 
18 mm diameter test tube containing this suspension 
(90 per cent transmission) was placed on a reciprocating 
shaker at 30 C and about 50 em from a 150 watt flood- 
lamp. Controls were shielded from the light. 

Viable counts were made by spreading suitable dilu- 
tions of the suspensions on the surface of the complete 
medium with a glass rod. Plates were incubated at 30 C. 
The replica plating method of Lederberg and Lederberg 
(1952) was used in the selection of nutritional mutants 
and possible high glycerol producing strains after 
irradiation. 


T. utilis was used in these investigations because it is 
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thought to be a stable haploid culture. It also has 
simple growth requirements, and its existence pre. 
dominantly as single cells in liquid culture facilitates 
quantitative studies, 

Various postirradiation treatments were investigated 
in an attempt to find the treatment that would yield 
the largest percentage of mutants among the survivors, 
The number of auxotrophic mutants, or mutants with 
more complex growth requirements than the parent 
strain, Was used as an index of the relative mutagenic 
efficiencies of the different treatments. These mutants 
were easily ‘detected by replication from complete to 
minimal medium. No comparable test for high glycerol 
producing strains was available. 

The treatments investigated are outlined in figure 1, 
Method 


growth rate on solid medium so that new colonies 


1 gave survivors with large differences jn 
continued to appear, even after 3 days of incubation, 
The size of the colonies after 3 days varied from 0.5 to 
{ mm, and this reduced the efficiency of the replication 
procedure. 

Method 2 is similar to the one most commonly used 
in isolating bacterial mutants. The cells are incubated 
in complete liquid medium before plating to allow seg- 


CELL SUSPENSION 
(ABOUT 5 x 10® PER ML.) 


UV TREATMENT 











p--------- 0.0! TO 3 PERCENT SURVIVAL 
| | 
METHOD 1 \ METHOD 2 METHOD 3 
| 
| METHOD 4 
| | SUSPENSION 
| ALLIQUOT TO COMPLETE EXPOSED TO LIGHT 
| LIQUID MEDIUM. INCUBATED «- —- — (/50 W. FLOODLAMP AT 
. FOR ABOUT /6 HR. ABOUT 50 CM.) IN 
ABSENCE OF ORGANIC 
; ENERGY SOURCE 
| 
‘1 ae , ALIQUOTS PLATED ON 
COMPLETE SOLID MEDIUM 
TEST FOR MUTATION. 
REPLICATE ON TO GLUCOSE 
MINIMAL MEDIUM. NO GROWTH 
ON THIS MEDIUM INDICATES 
NUTRITIONAL MUTATION. 
M 109 745 


Fic. 1. 


Outline of methods used in obtaining mutants 
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a3 regation of nuclei in multinucleate cells, separation of tritional mutants required biotin (1 yg per L of medium 
o. ff joined cells, and to overcome the effect of phenotypic for optimal growth). The other three nutritional mu- 
- ag (Newcombe, 1948). tants apparently required amino acids, because growth 
Visible light has been shown to decrease the lethal occurred when casein hydrolyzate (Difco) was added 
od fects of ultraviolet light (Dulbeeco, 1949; Kelner, to the basal medium. No strains requiring other vita- 
ld (49), and its effect on 7. utilis was investigated by mins were found. The range of types of nutritional mu- 
rs, Methods 3 and 4. Irradiated samples were plated out tants was unexpectedly small. None of the nutritional 
th before light treatment and after 2, 4, and 23 hr exposure mutants produced more glycerol than the parent 
nt to light in the basal medium. Count plates were incu- strain, which was run as a control. No further work 
ic bated in the dark, and a control suspension was kept in was done on these mutants. 
ts thedark and counted at the same times. Uniformity of The morphological mutants formed small, rough 
to § growth was assessed by counting the colonies visible on colonies on the complete medium (no. 4) and grew 
rol the plates at 24, 48, and 96 hr. Light treatment results poorly on minimal medium (no. 3). In liquid medium, 
in a shorter lag, a progressive evening of colony size, some of the strains tended to clump, but the others re- 
y, Band a greater over-all survival. Holding the cells in tained the discrete type of growth of the parent. The 
iy minimal medium in the dark for the same time has a over-all number of mutants obtained was much lower 
ies sinilar effect, although not to the same extent. than would have been expected on the basis of studies 
on. with bacteria where, for example, | to 3 per cent of the 
to Resvits with TorvLa uritis MUTANTS survivors after a 99.95 per cent kill of Escherichia coli 
ion Approximately 5,000 colonies were screened for mu- by ultraviolet light were found to be nutritional mu- 
tants by the four methods described. Three mutants tants (Adelburg, 1953). The larger volume of cytoplasm 
sed B vere obtained by Method 1, one each by Methods 2 surrounding the nucleus of yeast cells may be responsi- 
ted Fond 4, and 15 by Method 3 after exposure to light for ble for some protection against ultraviolet radiation. 
eg- 9 10 to 24 hr. Exposure to light for 24 hr. increased the The greater yield of mutants found in studies on bac- 
arvival figure from 2.2 per cent to 34.5 per cent, or teria may also be an expression of the more efficient 
out 16 times (not shown in table 1). Growth in liquid selective methods available for these organisms (see 
medium with or without light treatment reduced the below). Figures given by Reaume and Tatum (1949) for 
recovery of mutants, possibly because the mutants recovery of mutants from a haploid strain of S. cere- 
mew more slowly than the unchanged cells and hence visiae indicate a spontaneous mutation rate of about 1 r 
ere lost in the increased population. per cent and a 5- to 10-fold increase on treatment with 
Mutants were classified in 2 groups, nutritional (N 1 to nitrogen mustard. Thus 7’. utilis appears to be very 
\8) and morphological (M1 to M12). Five of the nu- resistant to the mutagenic action of ultraviolet light. 
However, in view of (1) its extreme stability under or- 
ts W, Adisdiniea:- aleiaialii. iad ailacabel waitin: alii a dinary cultural conditions, when compared with other 
Torula utilis morphological mutants yeasts definitely known to be haploid; (2) the low num- 
pica ber of nutritional mutants recovered after ultraviolet 
oa PeETae Glucose pe treatment; and (3) the fact that most of these mutants 
: Method | Initial | Tumi. Used" Yieldt are of the same type, it is possible that 7’. utilis may not 
7 be haploid as is generally believed. 
Al Be i . ‘i pa ss The glycerol producing power of the morphological 
MI a alll >» 0 15 17 mutants was tested several times, and typical results 
IC M3 Discrete cells 3 2.2 10 99 19 are given in table 1. Most of the mutants were poorer 
MA Clumped cells 3 3:2 10S Is glucose fermenters than the parent, but several gave 
M5 Clumped cells 3 2.2 24 33 28 distinctly higher yields of glycerol. Poor utilization of 
M6 Discrete cells 3 2:2 24 97 12 ° . ‘ . ie . . 
WW Scinsiotgersd nent ee a os glucose is often associated with a high conversion of 
M9 i tlle 2 0.18 | 24 35 (98 glucose to glycerol, but such data must be discounted 
M10 Discrete cells 3 | 0.18| 24 71 18 because of the relatively large effect of analytical errors 
MI Clumped cells 3 0.18 | 24 32 28 and the known high production of glycerol during the 
M2 Diserete cells $ | 0.18) 24 | 69 | 22 arly stage of a fermentation. Mutant N1 is an example 
ilsene saind: is thee eannk Gemnebied witas beside wal of this early high production. When better utilization 
leaddition. At this time the glucose content was about 2 per of glucose was obtained, the relative yield of glycerol 
ent and growth was equivalent to 60 per cent transmission of was much less. Further tests than those recorded in 
sht (660 mu). The time of fermentation was usually 100 hr table 1 indicated that M11 was among the best of the 
'more, ‘ ‘ ® 
ilicisal sists ave hnned su. ddunena: aed oftix baa mutants, and it Was accordingly used in a more com: 
ildition of sulfite and corrected for glycerol produced before plete study of products with and without added sulfite. 
ildition of sulfite Fermentation products in the absence of sulfite. In 
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table 2 (columns | and 38) are listed the main products 
obtained with the parent culture and mutant M11 
when no sulfite was added to the fermentation, but 
with added CaCOs. The two cultures do not differ sig- 
nificantly in their fermentation products. Theoretically, 
1 mM of glycerol for each mm of pyruvic acid and 2 mM 
for each mM of acetic acid should be found in the fer- 
mentation products. With 7. uéilis strain 8, 20.4 mM 
of glycerol would therefore be expected and 17.0 mM 
were found, while in the strain M11 fermentation, 18.7 
mM of glycerol would be expected and 17.0 mM were 
found. The recovery may have been lower than the 
theoretical because the fermentations were not carried 
out under strictly anaerobic conditions. The molecular 
ratios of pyruvic to acetic acid were 7.6: 1 for 7. utilis 
strain 3 and 6.8:1 for strain M11. Thus the formation 
of pyruvic acid from approximately 8 per cent of the 
sugar utilized accounts for the high glycerol production 
by these organisms. 

Pyruvie acid has been demonstrated as an intermedi- 
ate product in the fermentation of glucose by yeast 
juice (Grab, 1921) and by toluene-treated yeast cells 
(Neuberg and Kobel, 1929). Neuberg and Kobel (1930) 
later showed that pyruvic acid is produced from glucose 
by intact cells of S. cerevisiae in the presence of 
NasHPO,. A conversion of 0.88 per cent of glucose to 
pyruvic acid was obtained. In the absence of NaslLTPOs,, 
the pH dropped from about 6 to 8 and no pyruvic acid 
could be detected. A comparison of these findings with 
the results in this paper shows that 7’. uéilis produces 
approximately 9 times as much pyruvic acid, on the 
basis of glucose consumed, as does S. cerevisiae. 

Pyruvic acid was identified in the acid-ether extract 
by treating the extract with 2 ,4-dinitrophenylhydrazine 
and chromatographing the resultant hydrazone on a 
silica column. The method used was a slight modifica- 
tion of that deseribed by Brummond (1953) and the 


TABLE 2. Fermentation products formed in the absence and 


presence of sulfite by Torula utilis, strains 3 and M11 


| T. utilis strain 3 T. utilis strain M11 


mM/100 mM/100 mM/100 

f f mM of 
glucose 

used in the 
presence 


of sulfite 


Products mM of mM of mM of 

| gluc ose gluc ose gluc ose 

| used in the jused in the) used in the 
absence | presence | absence 

| of sulfite | of sulfite | of sulfite 


mM/100 
| 
| 


| 
17.0 | 29.0 17.0 | Bi. 
| 


Glycerol 2 
Ethyl alcohol | $8.2 79.2 85.3 69.3 
Acetoin 0.07 3.6 0.04 5.3 
Acetic acid. 2.1 5.9 Fe Re i 
Pyruvie acid.. 16.2 8.4 14.5 | 4.0 
Acetaldehyde none 9.0 none 9.6 
Carbon dioxide- . 106.8 | 92.0 
Yeast carbon* — 46.2 | 44.8 
Carbon recovery (°%) 78.2 71.8 
O/R ratio 1.07 | 0.99 


* The yeast carbon was calculated on the basis of 46 per 
cent carbon in dry yeast. 
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findings are illustrated in figure 2. The nonvolatile acid 
formed by culture MIL was also shown to be pyruyic 
acid by the same procedure. 

Fermentation products in the presence of sulfite. The 
fermentations were run in a closed system so that the 
CO. would be absorbed and determined. Each flask 
Was equipped with a magnetic stirrer to keep the yeast 
in suspension. Medium 2 was used, and the volume 
of centrifuged cells after incubation at 30 © for 12 hy 
amounted to approximately | per cent of the volume 
of the medium. (One ml of wet yeast is equivalent to 
about 200 mg dry weight.) The pl of the medium was 
then adjusted to 6.8, and the addition of sterile 25 per 
cent sulfite was begun. The additions were made as 
often as was needed to maintain a concentration of 
about 0.5 per cent of free sulfite. Five | mil additions 
were made over a period of 50 hr. Data on the products 
formed by the parent culture and mutant M11 are 
given in table 2 (columns 2 and 4). 

In both fermentations, about 90 per cent of the glu- 
cose Was utilized. The yields of products were about the 
same in both fermentations. Carbon dioxide was the 
largest: product, ethanol second, and glycerol third. On 
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Fic. 2. Chromatographic comparison of 2,4-dinitrophenyl- 
hydrazones of pyruvie acid and the nonvolatile acid produced 
by Torula utilis. 

Column: 4 g silica, 2.8 ml Im phosphate buffer, pH 7.2. 

Solvent: 95 per cent chloroform, 5 per cent butanol, sat 
urated with buffer. 

Holdback volume (Hbv): 4.9 ml. 

Twenty drop (0.057 Hbv) fractions were collected and optical 
density at 350 mu determined after addition of 2.5 ml of solvent. 

The large peak that moves with the front is the excess 2,4 
dinitrophenylhydrazine. 
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a weight basis, glycerol accounted for 15 per cent of 
the glucose fermented by the parent culture and 16.2 
per cent of that utilized in the mutant MII fermenta- 
tion. 

If the data are compared on a molar basis, the agree- 
ment between glycerol and its linked products is fairly 
good. Assuming that there should be | mmo of glycerol 
for each mM of acetaldehyde and pyruvic acid and 2 
ma of glycerol for each mm of acetoin and acetic acid, 
the calculated glycerol yield is 86.4 mM (found 29.4) for 
T. utilis strain 3 and 33.6 (found $1.2) for strain M11. 
The oxidation-reduction balance (O/R) is good but the 
recovery of carbon is poor. Approximately 25 per cent 
is missing. Since the O/R balance is so close to 1, the 
missing products must also have an O/R ratio of 1. 
Lactic acid or a polysaccharide would satisfy this O/R 
requirement, but neither could be detected in’ the 
medium. 

Incomparison with the sulfite free fermentation, more 
glycerol and acetaldehyde, as would be expected, were 
produced per 100 ma of glucose. More acetoin and 
acetic acid and less pyruvie acid were produced in the 
presence of sulfite. Acetoin is formed by condensation 
and decarboxylation of pyruvic acid. If the mm_ of 
pyruvie required to form the acetoin are added to the 
pyruvic acid present, the total is 15.6 mM for the parent 
culture and 14.6 mM for the mutant. These figures are 
about the same as those found in the sulfite-free fer- 
mentation, 


Resutrs with SaccHArROMYCES MUTANTS 


Mutants unable to use alcohol. The haploid strain of 
S. cerevisiae, WY38, was irradiated with ultraviolet 
light for 4 min, which gave a survival of 0.5 to 1 per 
cent. The yield of mutants that would not grow on the 
glucose minimal medium (no. 3) supplemented with 
biotin, thiamine, pyridoxine, and pantothenic acid 
varied from 1 to 2.5 per cent, which is a higher per- 


TABLE 3. Glycerol production by mutants of haploid strain of 
Saccharomyces cerevisiae WY38 screened for ethyl alcohol 


utilization* 


Glucose 
ee Alcohol vaiien ead 
utant U Glycerol Yield 
tilization 
Before sulfite Final 
addition = 
me oml me ml % 
WY38 Parent 18.1 1.4 12.0 
63 Yes is: 1.2 11.8 
64 Yes IS.1 0.5 11.4 
SO) Yes 21.9 0.6 13.2 
72 No 21.9 OLS 10.4 
73 No 19.5 5.6 10.0 
79 No 15.5 2.0 14.1 


* Original glucose was 29.2 mg/ml. Yield of glycerol is eal- 
culated on glucose used after addition of sulfite and corrected 
for glycerol produced before sulfite additions. Fermentation 
time was 72 hr. 


centage than was obtained with 7. utilis. In addition, 
19 colonies grew on replication from complete to the 
above glucose-vitamin medium but not on this medium 
when the glucose was replaced by ethyl alcohol (2 per 
cent). Three of these and three colonies that grew well 
on the alcohol medium, and also the parent, were tested 
for glycerol production (table 3). Glucose utilization 
was good for all the strains with the exception of mutant 
73. Glycerol production was about the same for mutants 
that could use alcohol and those that could not, and 
none of the mutants produced significantly higher 
yields of glycerol than the parent. It was later shown 
that these cultures were respiratory (petite) mutants 
(Slonimski, 1949), which lack enzymes of the terminal 
oxidative chain, and hence, like mutants lacking alcohol 
dehydrogenase, would be unable to grow on alcohol as 
a sole source of carbon. 

Another screening test was devised on the assump- 
tion that high acid production other than lactic acid 
should be linked to glycerol production. Acid indicator 
medium (no. 7) was used for this purpose. The pH of 
this medium was 6.3 to 6.5 after it was autoclaved. In 
the buffered medium, yeast WY38 forms smooth, light 
green colonies under either aerobic or anaerobic condi- 
tions. The colonies do not give a distinct yellow zone 
in the surrounding medium, but they do so if the buffer 
is omitted. After irradiation, no colony giving a large 
zone of acid was detected, but there were differences 
in colony color. Three types of colonies were observed 
(dark green, light green, and yellow) after 28 hr of 
aerobic or anaerobic incubation. Most of these cultures 
were stable on subculture, indicating some type of 
mutation. These cultures were tested for production of 
titratable acid in complete medium (3 per cent glucose), 
and for glycerol production in the standard sulfite 
medium. The data are given in table 4. 


TABLE 4. Glycerol products by colony-type mutants* of Saccharo- 
myces cerevisiae WY 38 


Glucose 
Mutants Colony Color vacmasis Before ar 
sulfite Final 
addition 
eo = meee er sealed o 
WY38 Parent 30.7 ey 13.9 
50 Dark green 0.28 25.1 ey 15. 
56 Dark green 0.21 35.0 3 6.0 
65 Dark green 0.23 14.5 bs 19.7 
44 Light green 0.24 32.1 1.6 10.7 
51 Light green 0.24 20.7 1.8 47:7 
57 Light green 0.23 23 B7 20.6 
45 Yellow 0.27 21.9 ao 20.5 
58 Yellow 0.25 29.8 1.8 13.3 


* The color of colony is that obtained on agar medium con 
taining bromcresol green. Original glucose was 38.4 mg/ml. 
Glycerol yield is calculated as in table 3. Fermentation time 
was 60 hr. 
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There was no correlation between colony color, ti- 
tratable acid, or glycerol production. Four of the eight 
mutants gave from 20 to 50 per cent higher yields of 
glycerol than the parent, but they did not follow any 
colony color pattern. The mutants giving the highest 
conversion of glucose to glycerol in the sulfite period 
also utilized glucose in the pre-sulfite growth phase 
much faster than the parent. Conversely, the slowest 
glucose users were the poorest glycerol producers. 

Three of the most promising mutants were tested in 
20 per cent glucose fermentations because this concen- 
tration is usually in industrial production. The complete 
medium (no. 2) was used, but with 20 instead of 3 per 
cent glucose. One hundred ml of medium in a 500 ml 
Erlenmeyer flask was inoculated with 0.4 ml of a 24 hr 
culture grown aerobically in medium no. 2. The flask 
was shaken on a reciprocating shaker at 90 cycles per 
min during incubation at 30 C. The yeast was allowed 
to grow for 24 hr before any sulfite was added. Sulfite 
was added manually to maintain from 0.5 to 0.75 per 
cent free sulfite until no more sulfite was bound during 
a 6 hr period. Table 5 gives the results of two such ex- 
periments. In the first experiment, WY38 and three 
mutants derived from it are compared. Glucose utiliza- 
tion was rapid and about the same for all the cultures, 
but glycerol yields differed greatly. Mutant 45 was 
poorer than the parent, but strains 57 and 65 gave more 
than twice as much glycerol as the parent. 

In table 5, it should be noted that glycerol yield is 
based on total glucose used instead of on glucose used 
after beginning the addition of sulfite. This method of 
‘alculation would necessarily be followed in fermenta- 
tion on an industrial scale. 

In experiment 2, culture 57 was compared to S. 
cerevisiae strain 49, a yeast that has been used exten- 
sively in the last 5 years for glycerol production at the 
Forest Products Laboratory. In this experiment, the 
flasks were given a heavy inoculum of preformed cells. 
This inoculum was built up in 3 stages, and in the last 
stage was grown in medium no. 2 containing 20 per 
cent of glucose and 0.5 per cent of sulfite. The cells 
were centrifuged from the medium and | ml of packed 


TaBLe 5. Comparison of superior cultures of Saccharomyces 


cerevisiae in sulfite fermentation with 29 per cent glucose 


Glucose 

assis Glycerol Based 
on Total 

Glucose Used 


Mutants Time ’ 
Before sulfite 


addition Final 
I:xperiment | 
WY358 72 170 29 10.1 
45 72 174 29 6.1 
57 72 171 22 25.4 
65 42 163 28 22.0 
I:xperiment 2 
WYS57 108 200 2.4 20.6 
SC49 108 200 2.4 23.2 


Ivo. 5 


cells was used per 100 ml of medium. This type of 
inoculum permitted immediate addition of sulfite and 
made all the glucose available for glycerol production, 
Determination of bound sulfite during fermentation 
showed that mutant 57 bound sulfite more rapidly than 
mutant 49 for the first 96 hr, when it reached a mayi- 
mum. Culture 49 continued to bind sulfite, and at 108 
hr had bound more sulfite than 57. The yield of glycerol 
at this time was 10 per cent greater for mutant 49, but 
it is possible that mutant 57, because of its higher rate 
of glucose utilization, had run out of glucose and turned 
to glycerol as a source of energy. Some other tests 
showed that mutant 57 grew about 4 times as fast as 
mutant 49 in the presence of 0.5 per cent sulfite. In | 
per cent sulfite medium, mutant 49 grew very little 
but mutant 57 still made excellent growth. At 1.5 per 
cent sulfite, neither yeast made much growth. While 
mutant 57 is a promising yeast, no claim to superiority 
over mutant 49 can be made on the basis of present 
data. This question can only be answered by extensive 
pilot plant tests. 


SUMMARY 


Thirteen morphological and eight nutritional mu- 
tants of Torula utilis strain 3 (Candida utilis) were ob- 
tained by ultraviolet irradiation, light reactivation, 
and subsequent plating. 

The mutants were tested for glycerol production, and 
none of them produced more than the parent. 

T. utilis strain 3 and one of the mutants, M11, were 
compared with respect to formation of several products 
from glucose with and without added sulfite. There 
was no difference between the two cultures in yield of 
products on a given medium, but added sulfite increased 
the yield of glycerol, acetaldehyde, acetoin, and acetic 
acid, and decreased the production of pyruvic acid. In 
the sulfite-free fermentations, pyruvic acid accounted 
for about 8 per cent of the glucose utilized. 

Only about 75 per cent of the glucose was recovered 
in cells and produgts. The unknown products must 
have an oxidation-reduction ratio of about 1 since the 
determined products had such a ratio. 

A haploid strain of Saccharomyces cerevisiae, WY38, 
gave a higher percentage of mutants than 7’. utilis. 
Fifteen mutants were obtained and tested for glycerol 
producing ability. Two of the mutants gave from 50 to 
250 per cent more glycerol than the parent in sulfit 
fermentations. One of the mutants gave about the same 
vield of glycerol but grew faster and tolerated sulfite 
better than a long-used, high-yielding strain of Sac 
charomyces cerevisiae, 49. 
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Streptococcus lactis is probably the most important 
organism used by the dairy industry. However, an ex- 
amination of the literature indicates that this organism 
is incapable of many metabolic activities performed by 
other species of the genus Streptococcus. 

The report of Farrell (1935) reports a characteristic 
of many of the streptococci. He used the reduction of 
indigotetrasulphonate in Thunberg experiments for the 
detection of dehydrogenases in 22 strains of Strepto- 
coccus lactis and found a rather general activation of 
carbohydrates, contrasted by an inability of these or- 
ganisms to dehydrogenate 71 noncarbohydrate sub- 
stances. 

The noncarbohydrate compounds that seem to be 
oxidized most readily by the streptococci are glycerol 
(Barron and Jacobs, 1938; Gunsalus and Sherman, 
1943: and Gunsalus and Umbreit, 1945); lactate and 
pyruvate (Barron and Jacobs, 1938); butyrate (Niven 
et al., 1945, and Wolin et al., 1952); and some of the 
alcohols Wood, 1942; and 
Gunsalus, 1943 and 1944; and Barner and O’Kane, 
1952). 

Streplococcus faecalis appears more versatile, how- 
ever, and has been shown to utilize some of the tri- 
carboxylic acid cycle intermediates substrates 
(Campbell ef al., 1943, and Dolin and Gunsalus, 1949 
and 1951). 

With the exception of the results of Kizer and Speck 


(Gunsalus and Greisen 


as 


(1955) who showed a stimulation of S. lactis growth by 
citrate and acetate, the authors know of no other in- 
vestigation reporting growth stimulation of S. lactis 
by citric acid. A stimulation of growth of S. lactis by 
citrate has not been shown in the absence of fermentable 
carbohydrate; this has been accomplished with other 
streptococci by Campbell and Gunsalus (1944). 

This investigation was undertaken to determine if 
S. lactis was capable of any previously undetected 
metabolic activities that may be important in flavor 
production in dairy products. As lactic acid is prac- 
tically the sole end product of lactose degradation by 
this organism, a study was made of the possible dis- 
similation of lactate. 

‘Supported in part by funds through the Institute of Nutri- 
tion and Food Technology, the Ohio Dairy Products Research 
Fund, and the Kenan Research Fund in Dairy Bacteriology. 
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MATERIALS AND MeEtuops 


Cultures. The streptococci used were S. lactis strains 
8 and 9 received from Dr. I’. E. Nelson of the Dairy 
Technology Department at Iowa State College and S. 
lactis strain 32 obtained from the Chr. Hansen’s 
Laboratory Incorporated, Milwaukee, Wisconsin. 

Most of the investigations were carried out using 
lyophilized cultures which had previously been stored 
at room temperature for one year. 

The best growth was obtained when milk cultures of 
S. lactis were transferred every 12 hr using an inoculum 
of 0.5 per cent. These cultures, incubated at 30C, 
coagulated milk in about 8 hr. To obtain the cells used 
in these studies, an inoculum was prepared by trans- 
ferring 1 ml of recently coagulated milk into the bot- 
tom of a tube containing 20 ml of broth. After 3 hr 
incubation at 30 C, a band of growth about one-fourth 
of anin. deep formed above the milk layer. This growth 
was used as inoculum for broth medium containing not 
more than 0.3 per cent glucose and having an initial 
pH of 7.5 followed by incubation for 8 to 10 hr at 30 C. 

Media. The medium for the cultivation of the S. 
lactis was a modification of the one designed by Baribo 
and Foster (1952). Its ingredients are: glucose, 3.0 g; 
peptonized milk, 2.5 g; neopeptone, 2.5 g; KsHPOs,, 5.0 
g; Tween 80, 0.5 g; yeast extract, 5.0 g; distilled water, 
1,000 ml; pH to 7.5. 

Substituting yeast extract for the liver and carrot 
extracts resulted in a medium that gave comparable 
growth and was prepared more easily. 

Warburg studies. Oxygen uptake was determined by 
the Warburg manometric technique according to the 
procedure described by Umbreit ef al. (1949). The 
microliters of oxygen consumed were calculated by the 
interval method to show more clearly the changing 
rates of uptake. 

Following the desired incubation period the cells 
were collected by centrifugation, washed once with 
0.067 M phosphate buffer (pH 7.0), and resuspended in 
buffer. 


RESULTS 


Preliminary studies indicated no significant oxygen 
uptake by phosphate buffer suspensions of S. lactis 9 in 
the presence of various tricarboxylic acid cycle inter- 
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mediates. Numerous attempts were made to activate 
the cells without success. However, it was subsequently 
discovered that the cell suspensions would begin to 
respire actively if the time period of the experiment was 
extended over 3 hr. Some of the characteristics of these 
changing oxygen uptake rates can be seen in figure 1. 

The longer period of time required for maximum 
respiratory activation by cells in the presence of glucose 
is of major importance in this investigation. Also 
worthy of note is the respiratory activity with succinate. 
This experiment was repeated numerous times during 
the early phases of the investigation, but the organism 
gradually lost its ability to activate its respiratory 
mechanism, and simultaneously lost its ability to 
utilize succinate. However, this culture was carried in 
broth not milk. Therefore, a milk culture of this organ- 
ism that had been lyophilized for a year was used 
throughout most of the investigation as it was easier to 
activate. 

To determine whether some substance necessary for a 
high endogenous respiration was being synthesized 
during the period of little activity, supernatant buffer 
from actively respiring cells was added to freshly 
harvested cell suspensions. The results in figure 2 indi- 
cated that some material had been excreted from the 
actively respiring cells which served as an activator 
for S. lactis. This material was either oxidized when 
added to the freshly harvested cells or was capable of 
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Fic. 1. The prolongation of respiratory inactivity by glu- 
cose. Six-tenths ml of N/50 substrates were used. Thirty-six mg 
(dry weight) of cells were added per flask. 1 = succinate; 2 = 
endogenous control; and 3 = glucose added (Streptococcus 
lactis strain 9). 


AND W. J. HARPER [VoL 5 
activating the endogenous respiration of these cells. 
The latter conclusion seems more probable as there was 
a direct relationship between the amount of supernatant 
added and the time required for 
commence, 


respiration. to 


Two other cultures of S. lactis (strains 8 and 39 
were examined to determine whether they could 
activated in a similar manner. In both cases the freshly 
harvested cell suspensions respired actively in the 
presence of the supernatant from S. lactis 9. The results 
with S. lactis 8 are presented in table 1 


Factors Affecting Activation 


Glucose concentration and pH. It was assumed that a 
high endogenous respiration in the early part of some 
experiments was due to the oxidation of some carbo- 
hydrate as there had been no other reports of respira- 
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Fic. 2. The effect of activator concentration (supernatant 





buffer from Streptococcus lactis cells) on the period of respira- 
tory inactivity. No substrates added. Fifty-two mg (dry 
weight) of cells per flask. 1 = 1.6 ml activator; 2 = 0.8 ml 
activator; 3 = 0.4 ml activator; and 4 = 0.2 ml activator added 
TABLE 1. The activation of Streptococcus lactis strain 8 by super 
natant buffer from active Streptococcus lactis strain 9 cells 


Microliters of Oxygen Uptake* 


Time 
Endogenous Glucoset Lactatet Succinatef 

min 

60 1 64 22 5 
160 15 75 42 11 

Plus supernatant buffer 

60 36 42 14 

160 180 135 282 


*Six-tenths ml of m/50 solutions of substrate were used 
Eighty mg (dry weight) of cells were added per flask. 
+ Minus endogenous activity. 
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tion with other substrates for this organism. Because 
this type of activity inhibited the oxidation of other 
endogenous substrates, the amount of glucose used in 
the culture medium by Baribo and Foster (1952) was 
reduced to 0. 3 per cent and the pH of the medium ad- 
justed to 7.5. Following these two changes, the pH of the 
medium after growth was approximately 4.5 compared 
to 3.9 when using a glucose concentration of 0.5 per 
cent and an initial pH of 6.8. Cells grown in this medium 
were found to be more easily activated. 

Cell age. Cells from 7-, 9-, and 11-hr-old cultures were 
tested for oxygen uptake. Data of figure 3 indicate 
that 9 hr appeared to be the optimal time for cultivation 
as the increasing rate of respiration began after approxi- 
mately 2 hr. The 7-hr culture had a higher endogenous 
activity; however, this might have been due to en- 
There appear to be two controlling 
factors determining the time period before the in- 
creasing rate of oxygen uptake begins. First is the age 
of the cells, the 7- and 9-hr-old cells being more active 
than the 11-hr-old cells. Second is the amount of en- 
dogenous glucose; the 7-hr-old cells, although they were 
younger, required more time before they became active 
than did the 9-hr-old cells because they contained more 
endogenous glucose. 


Sodium fluoride stimulation. S. lactis 9 had been 


dogenous glucose. 


shown to consume oxygen due to glucose oxidation 
but at the same time this glycolysis seemed to inhibit 
the oxidation of some other endogenous material. There- 
fore, a series of experiments was carried out to determine 
the effect of a glycolytic inhibitor on respiration. 
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Fic. 3. The effect of cell age on Streptococcus lactis respira- 
tion. No substrates added. One hundred and fifteen mg (dry 
Weight) of cells added per flask. Cells harvested from 7-, 9- and 
ll-hr-old cultures. 1 = 7-hr-old cells; 2 = 9-hr-old cells; and 
3= 11-hr-old cells. 


Sodium fluoride (NaF) did not inhibit but stimu- 
lated the endogenous respiration of the cell suspensions. 
The results are shown in figure 4. Evidently this organ- 
ism has two respiratory mechanisms seemingly unable 
to function during glycolysis. Self-activated suspensions 
gave a greater total oxygen uptake than did the 
fluoride stimulated cells. Assuming that the initial O. 
uptake of the controls with Nal is due to glycolysis of 
endogenous glucose and that glycolysis is inhibited by 
Nal’, the total uptake of the controls should be equal 
to the sum of the uptake of the fluoride treated sus- 
pensions plus the uptake due to glycolysis. Examina- 
tion of the curves indicates that this is what happened. 

Sodium fluoride concentration from 8 XK 10-4 mM to 

x 10-* m were capable of stimulating respiration; 
higher and lower concentrations were not used. 

Another experiment showed immediate stimulation 
of respiration upon addition of Nal at various periods 
during the experiment. The longer the experiment had. 
been running before the addition was made, the higher 
was the total oxygen uptake. 

As the purpose of the investigation was to determine 
whether S. lactis was capable of lactate breakdown, the 
effect of Nal on lactate and acetate oxidation was 
determined. Table 2 illustrates that, although there was 
some activity on lactate alone, the oxidation of this 
substrate was greatly increased by the addition of NaF. 
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Fia. 4. Stimulation of Streptococcus lactis respiration by an 
inhibitor of glycolysis. No substrates were added. Sixty mg 
(dry weight) of cells per ml. Results are shown only for the two 
extreme concentrations of NaF used. Flasks 1, 2 and 3 con- 
tained 1 ml of cells. 1 and 4 = controls with no NaF; 2 = 0.2 ml 
NaF; 3 and 5 = 0.8 ml NaF; and 6 = 0.4 ml NaF added. 
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Acetate metabolism in the presence or absence of 
NaF was only slightly greater than the control. 

After 120 min, the oxygen uptake due to the addition 
of NaF alone was 15 microliters and the uptake due to 
the addition of lactate alone was 40 microliters. The 
sum of these two values plus the oxygen consumption 
of the control equals 84 microliters. The uptake with 
lactate and NaF combined was 153 microliters, therefore 
the rate of lactate oxidation was almost doubled in the 
presence of Nal’. This assumes that the oxygen con- 
sumption rate due to fluoride stimulation of the en- 
dogenous respiration remained the same in the flask 
containing lactate and fluoride. 

In an attempt to obtain some information concerning 
the nature of the activating material found in the 
supernatant buffer from actively respiring cells, a 
number of substances were added to freshly harvested 
cell suspensions. Compounds added were: cytochrome 
c, coenzyme I, catalase, yeast extract as a source of B 
vitamins, riboflavin phosphate, glutathione, adenine, 


TaBLE 2. Stimulation of lactate oxidation by sodium fluoride 


Microliters of Oxygen Uptake* 


Time ; - 

Control NaF Lactate L N: * Acetate ae 
min : : 
120 28 43 69 153 33 53 
225 46 53 102 188 50 62 


* Autoactivation of the control began at approximately 140 
min. None of the other flasks showed an increased uptake at 
this time. Two-tenths ml of m/25-solutions of substrate were 
added. The NaF concentration was 4 X 10-' m. Fifty mg (dry 
weight) of cells were added per flask. 
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Fic. 5. Ascorbic acid oxidation by a cell suspension of 
Streptococcus lactis. Side arms tipped after 1 hr. One hundred 
and five mg (dry weight) of cells added per flask. 1 = 3.5 mg 
ascorbic acid; 2 = 1.8 mg ascorbic acid; 3 = 
acid added; 4 = control with no ascorbic acid. 


0.9 mg ascorbic 
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guanine, uracil, xanthine, casein hydrolysate as a 
source of amino acids, methylene blue, inorganic salts, 
2-4-dinitrophenol, ascorbic acid, and Nal’. Ascorbie 
acid and Nal’ were the only compounds which when 
added to cell suspensions were capable of iner -asing 
respiration. The results of the Nal’ experiments haye 
been discussed. 

If ascorbic acid was involved in the respiration of S. 
lactis, the initial period of inactivity could be due to the 
synthesis of “sparking” amounts of ascorbic acid, In 
this experiment several concentrations of ascorbic acid 
were used. If ascorbic acid were reversibly oxidized and 
reduced, the endogenous concentration of the substrate 
that supplied the hydrogen for the reduction of the 
dihydroascorbic acid would be the limiting factor in the 
amount of oxygen consumed. Therefore, the initial 
rate of oxygen uptake would be independent of ascorbic 
acid concentration. If the ascorbie acid were oxidized 
but did not undergo a reversible oxidation-reduction, 
the quantity of ascorbic acid would be the limiting 
factor in determining the amount of oxygen uptake. 

Figure 5 shows the amount of oxygen uptake to be 
dependent on the concentration of ascorbic acid. These 
curves were similar to those obtained with cell suspen- 
sions in the presence of glucose. Only in the lowest 
concentration of ascorbic acid did the cell suspensions 
become self-activated and, in this case, the period of 
time required was greater than that of the control 
without ascorbic acid added. 


DIscUSSION 


This investigation has shown that under certain con- 
ditions S. lactis 9 is capable of active aerobic respira- 
tion. This was first observed when cell suspensions were 
shaken in a Warburg apparatus for an extended period 
of time. After several hours of lag, the cells began to 
oxidize some endogenous substrate. 

A significant finding was that glucose had an in- 
hibitory effect on initiation of active respiration. Cell 
suspensions in the presence of glucose showed some 
initial oxygen uptake due to glucose oxidation, but the 
period required before the endogenous respiration began 
to increase was longer than those of the cell suspensions 
to which no glucose was added. 

Young cells which have a low endogenous glucose 
concentration were optimum for respiration. 

During the inactive period, the cell suspensions 
seemed to synthesize some material or system required 
for the oxidation of an endogenous substrate. This as- 
sumption was supported when supernatant buffer from 


capable of 
activating freshly prepared cell suspensions. This un- 
known factor appeared to reach a certain concentration 
before activation occurred as the length of inactivity 
was determined by the amount of buffer added. The 


actively respiring cells was found to be 
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ability of S. /act’s to respire seems to be limited by its 
capacity to pre xluce this activating material as demon- 
strated by the activation of two other strains of S. 
lactis by supernatant buffer from strain 9. 

To confirm the importance of glucose inhibition on 
endogenous respiration, an inhibitor of glycolysis was 
added to the cell suspensions. In the presence of NaF, 
glycolysis was inhibited and the endogenous respiration 
occurred immediately. This would indicate that the 
inactive period in the cell suspensions to which fluoride 
had not been added was a period in which the cells were 
removing their endogenous glucose by oxidation. Once 
the glucose was removed, the cells were then able to 
oxidize some other endogenous substrate. 

This does not explain, however, the activating ca- 
pacity of supernatant buffer from actively respiring 
cells. It may be possible that two mechanisms are func- 
tioning: first, the endogenous glucose is being removed; 
and secondly, some material is being synthesized that is 
capable of stimulating respiration. This material could 
be an inhibitor of glycolysis. Further investigation is 
needed to elucidate this activation. 

Lactic acid accounts for approximately 95 per cent of 
lactose degradation in S. lactis cultures, therefore, lactic 
acid may be the oxidizable endogenous substrate. This 
supposition was not proved, but fluoride was found to 
stimulate lactate oxidation. The possible importance of 
such an oxidation in dairy products remains to be 
determined. 

When ascorbic acid was added to the cell suspensions, 
they behaved in much the same manner as they did 
when glucose was added. Evidently these cells have two 
respiratory systems, one involved in glucose and 
ascorbic acid oxidation, and the other in the oxidation 
of noncarbohydrate substrates such as lactate and 
succinate. 

The results of these investigations pose the problem 
of how common this type of respiration may be to S. 
lactis. During this study, a number of strains of S. lactis 
were examined. One strain demonstrated this phe- 
homenon but not as readily as S. lactis 9. In addition, 
if the cultures of S. lactis 9 were left for a period of time 
without 12-hr transfer, several weeks of rapid transfer 
were required before they again became active. 

It was observed that other strains of S. lactis were 
able to respire if supernatant buffer from actively 
respiring S. lactis 9 cells were added. It therefore 
appeared that most strains of S. lactis are capable of 
actively oxidizing certain noncarbohydrate substrates. 
All strains of S. lactis tested are limited, however, by 
their inability to remove endogenous glucose or to 
synthesize some activating material. 


SUMMARY 


Resting cell suspensions of Streptococcus lactis strain 9 
were found capable of oxidizing certain noncarbo- 
hydrate substrates. Glucose and ascorbic acid had an 
inhibitory effect on these reactions. The oxidative re- 
actions were stimulated by sodium fluoride. This organ- 
ism seems to have two mechanisms for hydrogen 
transport, one utilized in glucose and ascorbic acid 
oxidation and the other in the oxidation of lactate 
and an endogenous substrate which may be lactate or 
succinate. 
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In a previous report (Branham and Wormald, 1954), 
the authors have described the titration of therapeutic 
diphtheria antitoxins in 7- to 8-day old chicks. These 
antitoxins had a titer of several thousand units per ml. 
Reference was made to an adaptation of this technique 
to the determination of smaller amounts of antitoxin in 
the sera of guinea pigs vaccinated with precipitated 
toxoids. An effective means of titrating small amounts of 
antitoxin is especially desirable because of the wide- 
spread use of toxoids for active immunization of children 
and the trend adults. The 
recommended guinea pig test (National Institutes of 


towards vaccination of 
Health, 1947) is sometimes inconvenient to perform in- 
asmuch as suitable guinea pigs are expensive and at 
times are difficult to obtain. Different strains of guine: 
pigs vary in susceptibility to diphtheria toxin; sex too is 
a factor of considerable importance (IXolb et al., 1955), 
and variation among individual pigs also occurs. The 
reliability of chicks in the studies already described 
suggested further investigation of their adaptabil- 
ity to the evaluation of prophylactic diphtheria tox- 
olds. 


MATERIALS AND METHODS 

The animals, materials, and methods employed were 
the same as previously described (Branham and 
Wormald, 1954). 

The White Rock chicks used throughout these studies 
were obtained when 1 day old from a reliable hatchery; 
on the eighth day, they were divided into groups and 
injected intraperitoneally. Such chicks were usually 45 
to 80 g in weight and were very uniform in suscepti- 
bility to diphtheria toxin. Chicks of this breed in this 
weight range were designated as “standard” chicks, and 
a group of 10 as a standard group. 

The same lot of toxin that was used in the previous 
study, No. 4617-4618, was employed throughout these 
studies for testing. The NIH Standard Diphtheria 
Antitoxin, Lot No. A, containing 6 units per ml, was 
used as a basis for comparison in determining all anti- 
toxic values in titrations. Mixtures of toxin and sera 
diluted with 0.85 per cent NaCl solution were incu- 
bated for 1 hr at 37 C, and then placed in an icebox at 
4C overnight before injection intraperitoneally into 


chicks. 
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The term LDm is used to indicate that amount of 
toxin which killed one-half of a group of standard 
chicks in 24 hr. The LDm of toxin 4617-4618 in chicks 
Was so nearly the same as the MLD in guinea pigs that 
the latter was used in a study on the use of the chick in 
standardizing Schick toxins (Kolb ef al., 1955). Like- 
wise the ‘test dose” of this toxin for chicks was re- 
markably similar to the L, used with guinea pigs. The 
“test dose’? may be defined as that amount which, in the 
presence of | unit of antitoxin, killed one-half of the 
chicks in a standard group in 24 hr. The validity of the 
choice of a 24-hr end point in work with chicks was 
shown by Branham and Wormald (1954). The time of 
death of 50 per cent of the chicks is designated Tm, or 
median time. 

RESULTS 

Alum precipitated toxoids. Diphtheria toxoids that 
are in use for human immunization are either plain or 
with a mineral adjuvant. The preliminary experiment 
with toxoids (Branham and Wormald, 1954) was done 
with alum precipitated preparations (AP); hence, it 
was with this form of toxoid that a more detailed study 
Was now begun. 

The official method of the Division of Biologics 
Standards for titrating alum precipitated toxoids re- 
quires that groups of guinea pigs weighing 450 to 500 
g to be injected subcutaneously with '5 of the human 
immunizing dose, bled’ after 4 weeks, and a pool made 
of equals amounts of serum from each animal. These 
pools are titrated in guinea pigs for antitoxin content. 
Minimum requirements for diphtheria toxoid demand at 
least 2 units per ml of antitoxin in the sera tested. In the 
present study, the same procedure was followed in the 
preparation of guinea pig serum pools, but larger 
groups of guinea pigs were immunized (20 with each 
toxoid) in order to have sufficient serum for intensive 
study. These sera were titrated in chicks. 

In every test, a control group of chicks received | 
unit of Standard Antitoxin plus the test dose of toxin. 
Results obtained with this control group were the basis 
for determining the value of the serum under investi- 
gation. The end point was the Tm or the median time 
in hr when 50 per cent of the chicks had died, and was 
approximately 24 hr for this control group of chicks. 
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TaBLE |. Sample titration of 2 pools of sera from guinea pigs vaccinated with alum precipitated (AP) 
toxoids; test done at 1-unit level 


Serum Pool from Units Tested Serum Dilution 0.5 Ml 


Guinea Pigs Given for Per Chick 
ml 
Toxoid B (3 dil)t 7.0 'g.5 (0.143) 22 
8.0 14 (0.125) 15 
9.0 445 (0.111) 15 
Toxoid C (3 dil 2.5 My 25 (0.4) 22 
3.0 4.5 (0.33) 22 
3.5 4 75 (0.28) 9 
NIH Standard 6.0 1g (0.166) 22 


Toxin dose 
*Tm = median death time in hr. 

¢ Dilutions based on results from preliminary tests. 
tS = survived. 


Determination of the test dose has been previously 
described by Branham and Wormald (1954).'- With 
each serum pool, preliminary tests were usually done for 
3and 5 units with small groups of five or six chicks and 
the results, as compared with the control group, sug- 
gested the range of dilutions to use for more accurate 
determinations with the larger groups of ten. 

Most of the titrations were done first at a 0.1-unit 
level and later checked at 1 unit. By using this plan, 
use of the serum was increased 10-fold. One-tenth of the 
regular amounts of serum was used, including the con- 
trol; at the O0.1-unit level the NIH Standard Antitoxin 
was used in dilution | to 30 instead of 1 to 3. The toxin 
dose necessarily had to be adjusted experimentally for 
this 0.1-unit level; it was found to be 0.5 ml of 1 to 200 
dilution at the beginning of the study, becoming 1 to 
170 before the work was completed. A sample titration 
at the l-unit level is shown in table 1. 

Seven alum precipitated (AP) toxoids were studied 
as described. The serum pools were adequate for re- 
peated testing. Such tests were done in chicks at 1-unit 
and at 0.1-unit levels and by the official guinea pig test 
at 1 unit. 

Table 2 presents the results obtained with these 
seven alum precipitated toxoids as tested by the 
methods cited. Results obtained at a 1-unit level were 
similar in chicks and guinea pigs; in only one instance 
were the values not identical. Values found at the 0.1- 
unit level tended to be slightly less than those found at 1 
unit. On the whole, there was excellent correlation 
among all of these titrations. 

Direct immunization of chicks. Titration in chicks of 

' At the beginning of these experiments, it was 0.5 ml of a 
1 to 26 dilution of the toxin, 4617-4618, or 0.0192 ml, for tests at 
the l-unit level. Because toxin very slowly decreases in po- 
tency, it was necessary to adjust this test dose at intervals; 


from 1 to 26 it had increased to 1 to 24.5 by the end of these 
studies. 


0.5 ml of 45-4 dilution per chick (0.0197 ml/chick). 


ee Units at Tm 
Hr to Death of Individual Chicks Tm* Nearest 
Standard 
units/ml. 
24 24 27* 27 29 29 35 St a7 7+ 
19 19 19 22 22 22 22 2 19 
16 15°16 15 19 19 19 19 15 
35 39 39 43 47 S §S S§ 39 
2 24 2 24 24 27 27 S 24 3 
9 19 19 19 22 22 24 § 19 
22 24 24 27 35 35 35 35 24 6 


TABLE 2. Unit values of pools of sera from guinea pigs vaccinated 
with AP toxoids 
| 


| 
| 


Units of Antitoxin 
Toxoid Given 


Guinea Pigs |Guinea pigs test Chick test 


1 Unit 1 Unit 0.1 Unit 

B 7 7 6 

C 3 3 2.5 
D | 2 2.5 2 

E 6 6 6 

F 3 3 2.5 
i 5 5 

H 7 7 6 


pooled serum from vaccinated guinea pigs gave reliable 
results. Nevertheless it was thought desirable to try 
immunizing the chicks directly to test the possibility of 
eliminating the use of guinea pigs altogether. Two ex- 
periments were performed: 

(1) One hundred 8-day-old chicks were used for this 
purpose. Seventy-six were given 5 of the total human 
immunizing dose (0.5 ml in this case) of AP toxoid J, 
and 24 were kept as controls. Injections were made sub- 
cutaneously into the loose tissue at the back of the 
neck. 

(2) Six other chicks 2 to 3 weeks old were similarly 
vaccinated. 

The plan for study of these was as follows: 

In the first experiment, a group of vaccinated chicks 
and unvaccinated controls was challenged at each of the 
following intervals after injection: 2, 3, 4, and 6 weeks. 
Survivors were bled and the sera tested separately in 
8-day chicks for antitoxin. 

In the second experiment, the six older chicks were 
given a series of immunizing injections, and sera taken 
from them at intervals were tested in chicks for anti- 
toxin content. 

Only five of the first group showed measurable anti- 
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toxin, one showing | unit per ml following the challenge 
3 weeks after vaccination, two showing | and 1.5 units 
per ml after the 6 weeks’ challenge, and the remaining 
two less than | unit. Of the six older chicks given sev- 
eral immunizing injections, two survived for 3 months 
and showed 2 and 3 units per ml respectively. This poor 
antitoxin response is a confirmation of a similar obser- 
vation made by Mauss and Frobisher (1948). Chicks 
were not found suitable for antitoxin production, 

Plain toxoids. Vhe official guinea pig test for anti- 
genicity of plain toxoids is different from that for alum 
precipitated preparations. According to the procedure 
recommended in the minimum requirements for plain 
toxoids (National Institutes of Health, 1947), smaller 
guinea pigs (270 to $20 g) are given not more than !¢ 
of the total human immunizing dose subcutaneously, 
and after 6 weeks are challenged with 10 MLD of toxin 
in a volume of 2 ml. The adoption of this procedure, 
merely substituting chicks for guinea pigs, would be un- 
satisfactory as, in addition to giving poor antitoxin 
response, chicks grow very rapidly, becoming full 
grown during this 6-week period. They eat tremen- 
dously, are noisy and untidy, and require much space. 
When guinea pigs, vaccinated with only '¢ of the total 
human dose, as in the official test, were bled instead of 
being challenged, and the pooled sera tested in 8-day 
chicks, as described for the alum precipitated toxoids, a 
very low antitoxin content, often well below the re- 
quired 2 units per ml, was found. Obviously changes in 
procedures were necessary if the pooled sera from vac- 
cinated guinea pigs were to be titrated for antitoxin in 
chicks. Studies were made to determine the effect of 
amount of inoculum, number and spacing of injections, 
and time of bleeding upon the response of guinea pigs to 
vaccination with plain toxoids. Groups of pigs weighing 
250 to 350 g were given subcutaneously : 

| injection of !y the total human immunizing dose 

(THD), 

3 injections of '¢ THD, weekly intervals, and 

2 injections of 1, THD, some with 1 week and others 

with 2 weeks between the doses. 

Groups were bled at 3 weeks and 4 weeks after the 
first injection and the serum pools from each group 
titrated in chicks for antitoxin. Results are summarized 
in table 3. Obviously one injection of 'y THD of plain 
toxoid was inadequate. Usually, highest antitoxin 
titers were obtained when two injections of 14, THD 
were given 2 weeks apart, and the pigs bled a week after 
the second injection. Good results were also obtained 
with three injections of '4 THD a week apart with 
bleeding a week.after the last injection. In most cases, 
a 3-week period after first injection (1 week after last 
injection) for bleeding gave better results than a 
4-week period. The schedule finally adopted was that of 
two injections of 14 the THD given subcutaneously to 


250 to 350 g guinea pigs, 2 weeks apart, with bleeding 
from the heart 3 weeks after the first injection. 

Seven plain toxoids were studied in this way. Sched- 
ules of injections and bleedings and the antitoxin con- 
tent of the serum pools found by testing in chicks at 
both the l-unit and the 0.1-unit levels are shown in 
table 3. 

Certain of these serum pools were checked for anti- 
toxin content with the official guinea pig technique at 
the l-unit level. These results are also shown in table 3. 


Very good correlation is obtained in these various 


Pawue 38. Titration in chicks of sera obtained by vaccinating 


guinea pigs with plain toxoids by various schedules 


Method Units of Antitoxin 
' No 
peor Group — Nx hee » Chick test hee 
ven Vacci- lof in Frac Frequency ceding 
nated jee tion of ; a , 01 ' 
tions THD ELD unit; unit) unit 
Ix iu a) l ly 3 l 
b ) 3 A weekly 3 11 ‘) 
( 15 3 1 weekly 1 6 5 6 
j 6 2 1; | 2weeks) 3 11) 10 
apart 
k 6 2 14 | 2 weeks | 6) 5 
mpart 
I \ 5 l ly 3 | 
ly 5 3 1, weekly 3 11 9 
‘ 15 3 1 | weekly | 7 6 
j 6 2 My 2 weeks 3 it) 719 
apart 
k 6 2 1, | 2 weeks 1 | | 
apart 
M a 5 | '5 3 l 
b 5 3 1, | weekly 3 10; 8 
¢ 15 3 1, | weekly | 6| 6] 6 
N d 5 3 1, | weekly 3 5 ki @ 
c 5 3 1, | weekly | ji 3 
f 5 2 1, | weekly 3 7| 6 
g 5 2 wr weekly 1 2 
QO d 5 3 ly weekly 3 S i) F 
e 5 3 1, | weekly | 5| 5 
f 5 2 1, | weekly 3 6 5 
g 5 2 1, | weekly | 3 } 
P d 5 3 ly weekly 3 S 7 
( 5 3 ly weekly | 3 2 
f 5 2 14 | weekly 3 6/| 5| 6 
g 5 2/ 14 | weekly { 1; 3 
Q h 6 3 1, | weekly 3 8 | 6 
i 6 3 ‘6 | weekly | 9/ 8 
j 6 2 14 | 2weeks| 3 13 | 11 
apart 
k 6 2, %4 | 2 weeks { 5 { { 


apart 


THD = Total human immunizing dose. 
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tests, especially between those done at the 1-unit level 
in guinea pigs and chicks. Here again, as with the alum 
precipitated toxoids, somewhat lower unitage is found 
at the 0.l-unit per ml level than at 1.0 unit per ml. 

Relationship between doses of antitoxin and toxin at 
Tm = 24 hr at various levels. In previous studies with a 
commercial antitoxin of high potency prepared in 
horses, it was shown that when tests were performed at 
several different unit levels the end points, obtained 
when the amount of toxin and antitoxin represented by 
the Tm were plotted on log log paper, fell along a 
straight line. This straight line was parallel with that 
obtained with the NIH Standard Antitoxin which was 
tested similarly. It was observed that comparable 
results could be obtained at any point in the region of 
linearity; hence, these findings were taken as addi- 
tional evidence that a comparison between these sera 
could be made at any dosage level, and gave added 
weight to a belief in the validity of the test (Branham 
and Wormald, 1954). 

Could sera of low potency, such as was obtained by 
vaccinating guinea pigs with toxoids, give similar 
quantitative results? Four serum pools, prepared by 
immunizing guinea pigs with toxoids, two plain and two 
alum precipitated, were studied in an attempt to answer 
this question. Two series of experiments were done 
about a year apart, using the same materials. In the 
sarlier part of the study, groups of chicks were given 
serum-toxin mixtures representing several antitoxin 
unit levels, ranging from 0.1 to 1.0 unit, and higher, in 
one case up to 4 units. With so many antitoxin levels 
only one or two serum pools could be included in one 
test. Each was repeated a number of times. Always a 
group receiving the NIH Standard Antitoxin at the 1 
unit level was included. In the later experiments all 
serum pools were included in each test, using fewer dose 
levels and a smaller number of chicks in each group. 


This latter series was done to compare these sera with 
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all experimental conditions equal. The amounts of 
serum and toxin which gave end points represented by 
a Tm of approximately 24 hr were plotted on log log 
paper. These points are shown for the serum pools 
representing these four toxoids in the graphs shown in 
figure 1. The upper part of the graph represents the 
first series in which many points were taken with each 
serum pool. Many different tests are included. In the 
second series, all serum pools were tested simultaneously 
three times at three levels. There is no significant de- 
parture from linearity in either series of experiments. It 
has been pointed out previously that end points ob- 
tained below the 0.1-unit level tend to deviate from a 
straight line (Branham and Wormald, 1954). 

Are the straight lines obtained with these low titered 
antitoxin pools parallel to each other and to that shown 
by the NIH Standard Antitoxin? To answer this 
question the slopes of these lines were calculated using 
the method of least squares. The slope of a line indi- 
cates the rise in ml in toxin required per unit of ml in- 
crease in antitoxin. The slopes and intercepts calcu- 
lated for each experiment, as well as their appropriate 
averages and their standard errors, are shown in table 4 
for four serum pools and the NIH Standard Antitoxin. 
The various slopes do not differ significantly from each 
other. 

DiIscuSSION 

In seeking an accurate means of evaluating diphtheria 
toxoids more convenient and less expensive than the 
commonly performed test in guinea pigs, the authors 
have found the 7- to 8-day old chick very useful. A 
simple substitution of chicks for guinea pigs throughout 
the guinea pig test as usually performed is, however, 
not the complete solution of the problem. Chicks do not 
form antitoxin well; hence, it has been found inadvisable 
to vaccinate them with toxoids. A more successful pro- 
cedure is to vaccinate guinea pigs with the toxoids and 


TaBLE 4. Slopes and intercepts of linear relationship of log dose toxin for Tm =-24 to log dose antitoxin 


Serum Pools from Guinea Pigs Immunized with Toxoids Indicated Below: 


AP toxoid F, Plain toxoid L, 


Plain toxoid M, 


5 tests 4 tests 4 tests 

5° og n S I n S I 

0.846 —1.016 3 0.855) —0.984) 3 0.886) —0. 

0.804, —1.042, 2 0.793) —1.029) 3 0.852|—1. 

0.874 —0.970 3 0.861, —0.984) 7 0.907|—0. 

0.841;—1.013) 4 0.866 —0.961 4 0.826 —1. 

0.851, —1.026) 6 0.857|—1. 

Average. 0.844 —1.014 0.846 —0.988 0.861 —1. 


Standard error 


of the avg. +0.038 +0.052 +0.038 +0.054 


*S = slopes; I = intercepts; n = 


+0.032)+0. 


AP toxoid H, Standard antitoxin A, | Standard antitoxin A, 


5 tests 4 early tests 4 later tests 

n Ss I n S I n S I n 
976 3 1.010 —0.827) 3 0.805 —1.090 3 0.912) —0.992!) 3 
016 3 0.908 —0.895) 3 0.871;—1.029) 3 0.859|—1.017) 3 
955) 5 1.190 —0.567| 2 0.868 —1.033) 4 0.954'—0.891 2 
051) 5 0.814 —0.954) 2 0.898 —1.023) 3 0.900 —0.955 3 
021) 3 0.972 —0.857) 4 
OOS 0.966 —0.864 0.861 —1.044 0.889 —0.993 


044 +0.040 +0.048 = en 


.026 +0.034 +0.030 +0.036 


number of points determining line. 


Note: In computing means and standard errors, the factor of differing values of n and differing amounts of antitoxin have been 


considered. 
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io use chicks for the titration of the antitoxic serum 
obtained from them. 

With alum precipitated toxoids it was a simple 
matter to follow the usual procedure of giving guines 
pigs one injection of }g of the total human dose (THD) 
of toxoid, and bleeding them after 4 weeks. With plain 
toxoids one injection of 1g THD did not produce a 
response comparable with that following 1, THD of 
alum precipitated toxoid. Two injections of 4 THD a 
week apart were finally decided upon for use in this 
study, with bleeding at the end of the third week. It is 
recognized that two injections are not altogether de- 
sirable, since a second response is thereby invoked. 
Subsequent work should be done to clear up this 
complication. 

The end point chosen in these titrations is the Tm, or 
median time of death in hours in each group of chicks 
as compared with that of the NIH Standard Antitoxin 
which is always included in the test. The Tm in the 
Standard approximates 24 hr; this Tm is the basis for 
‘alculating the unit value of the antitoxin under test. 

There are two factors which tend to affect the 
precision of the results obtained: 

(1) The number of dead chicks was recorded every 
2 hr so that the exact time of death could vary within 
this span, and 

(2) The Tm obtained with the test serum sometimes 
was an hour or more greater or less than that of the 
Standard Antitoxin. 

Excellent correlation is obtained between the unit 
values obtained thus in chicks and those found in the 
official guinea pig method at the 1l-unit level. Tests in 
guinea pigs at the 0.1-unit level were not performed. 
Skin test titrations in guinea pigs were also done, but 
are not shown here. Such skin tests consistently gave a 
lower value than was found in either chick or guinea 
pig. 

When chick titrations on some of the serum pools 
included in this study were performed at various unit 
levels (that is, 1.0, 0.5, 0.25, and 0.1 unit and so forth), 
and the amounts of serum and toxin used at the Tm’s 
plotted on log log paper, the points were found to lie 
approximately along straight lines. The lines represent- 
ing these sera were parallel to each other and to that of 
the NIH Standard Antitoxin. The slopes of these lines 
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and of their standard errors show a high degree of 
uniformity. Serum representing toxoid B was the only 
one which showed any appreciable variation in the 
slopes determined in five tests. Toxoid B was the first 
studied and was employed in working out the tech- 
nique subsequently used throughout later studies. 

It is worth noting that this linear relationship can be 
utilized in determining appropriate levels of toxin and 
antitoxin for use in repeated assays. Tests with any of 
these sera could be performed at any level along the 
straight line. Below the 0.1 unit level the Tm’s have 
been found to deviate from a straight line and to swing 
to the left (Branham and Wormald, 1954). 
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SUMMARY 


A method is described for the assay of diphtheria 
toxoids in which guinea pigs are vaccinated with the 
toxoid, bled after appropriate intervals, and the pooled 
serum titrated for antitoxin in 7- to 8-day chicks. Such 
titrations may be performed at any level in linearity 
down to 0.1 unit. The values obtained give good cor- 
relation with those found in the official guinea pig 
test. The chick affords an accurate, rapid, and inex- 
pensive means of measuring small amounts, as well as 
larger quantities, of diphtheria antitoxin, and is well 
suited for use in the evaluation of toxoids, both alum 
precipitated and plain. 
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The quantity of ionizing radiations needed to sterilize 
canned foods generally impairs both their nutritive 
qualities and palatability (Hannan, 1955; Schultz et al., 
1956). However, thermal processes also lower these 
qualities in canned foods (Stumbo, 1949). In both 
instances, the extent of damage increases with the 
severity of the treatments. Consequently, the heat 
processing schedules that are used industrially are 
based upon the minimum levels required to kill those 
microorganisms that might endanger the health of 
consumers or which would cause the food to spoil 
during storage (Stumbo, 1949). For these reasons, new 
sterilizing techniques that will retain or improve the 
organoleptic properties of canned foods without lower- 
ing their safety or nutritional qualities are constantly 
being sought. Since it has recently been shown that 
heat and gamma radiation are synergistic when used 
together for killing the spores of anaerobic bacteria 
(Morgan and Reed, 1954; Kempe, 1955), it is possible 
that combined irradiation-heat processing of canned 
foods could result in an improved procedure. The 
present study is concerned with establishing combined 
irradiation-heat processing schedules for previously 
heat sterilized ground beef that was then inoculated 
with Clostridium 213B the 
cans were closed. Future studies will deal with experi- 
ments utilizing putrefactive anaerobe (PA)3679 spores. 


botulinum spores before 


MATERIALS AND METHODS 
A. Packing 


Lean ground beef was purchased locally from the 
University of Michigan food stores. The meat was 
placed in shallow pans and autoclaved at 15-psig steam 
pressure for 19 hr. Excess liquid was poured off, and 
approximately 300 g of hot meat was packed into each 
of 28 no. 1 picnic tin cans: 4 of these cans had previ- 
ously been fitted with O. F. Ecklund (1949) thermo- 
couples. The covers were then set loosely on the cans 
of meat which were placed in an autoclave where they 
were processed at 17-psig steam pressure for 1 hr. 
Next, each can was removed individually from the hot 
autoclave and the meat was inoculated with 2 ml of a 
spore suspension. The cans were then sealed in a com- 
mercial-type closing machine, immersed in cold tap 
water for about 20 min, and finally placed in ice water 
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for 1 hr. Next the experimental cans were either ir- 
radiated or temporarily stored in a refrigerator. The 8 
controls were placed in an incubator immediately: the 
experimental incubated after thermal 
processing but were first cooled by immersion in cold 
water. Incubation was carried out at 99 F or 84 F as 
indicated. 


cans were 


B. Irradiation 


The canned meat was irradiated in the center well of 
the large cobalt-60 gamma radiation source in the Fis- 
sion Products Laboratory at the University of Michigan 
(Lewis ef al., 1954). In this center well the radiation 
field had an essentially constant intensity which was 
measured by ferrous-ferric sulfate dosimetry as previ- 
ously described (Kempe ef al., 1954). During the period 
of this investigation, a total dosage of 1.08 megarep 
required about 6 hr irradiation because the dosage rate 
averaged approximately 180,000 rep! per hr in the 
center of the cans. For this reason, the meat was kept 
at a temperature below 40 F during irradiation. How- 
ever, artificial cooling was not needed since the cobalt-60 
source is located in an unheated concrete vault, this 
work was done during midwinter and the meat was pre- 
cooled to less than 40 F as part of the packing process. 


C. Heat Processing 


Following irradiation, the cans were either immedi- 
ately heat processed or were temporarily stored in a 
refrigerator. Control experiments indicated that  re- 
frigerated storage for 2 days did not affect the results. 

For heat processing, six cans of meat, two of which 
contained thermocouples, were placed in a 3 gal pail 
that was half-filled with water at 180 F and which was 
positioned in the upper part of an autoclave. Steam 
was then introduced at the rate necessary to maintain 
a water temperature of 180 F until the thermocouples 
in the cans of meat showed identical temperatures of 
170 F or more. 
the water bath 
temperature to 230 F. When sufficient time had elapsed 
to provide the desired F, value, the autoclave was 
quickly opened and the cans were plunged into cold 
water. Four sets of cans were autoclaved for each run. 


Processing was begun by raising 


1 One rep is a dose of ionizing radiation capable of producing 
energy absorption of 93 ergs per g of tissue. 
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Following heat processing, those cans inoculated 
with approximately 5,000,000 spores per can were in- 
cubated at 99 I, while those receiving 300 spores per 
ean were incubated at 84 F. F, values were calculated 
by Schultz’s graphical modification of Ball’s General 
Method (Schultz and Olson, 1940), using the special 
graph paper constructed for a Z value of 18 and the 
general equation, for example: 

: mA 

Mo = 10nd 

F, = the number of minutes required to sterilize the 

can of meat at 250 when the Z value equals 


18 

m = number of min represented by | in. on the time 
scale 

A = area under the curve in square in. 

n = the number of 18 F changes that must be made 


to change the number of the top line from 250 
to the desired number (n is positive if the top 
line is numbered less than 250 and negative if 
greater than 250) 

d = number of in. from the zero line to the top line. 


D. Spores 


The spores of anaerobic bacteria used in these studies 
were prepared and used according to techniques de- 
scribed in previously published work from this labora- 
tory (Kempe ef al., 1954). 


E. Controls 


Each run included eight control cans. Four of these 
were uninoculated, and four were selected at random 


TABLE 1. Combined trradiation-heat processing treatments re- 
quired to sterilize ground beef packed in no. 1 picnic tin cans 


and inoculated with Clostridium botulinum 213B spores 


o. of Spores 
Don No N f Spore 
per Can 


Preirradiation F, Range 
a. Series 1—approx 5,000,000 spores per can; incubated at 99 F 


| megarep min 
G2 7,200,000 0 0.75-1.3 
C3 10,700,000 0 0.36-0.93 
CB 10 6,000,000 0.500 0.77-1.1 
CB 5 6,300,000 0.675 >0.58 
CB 6 6,000 ,000 1.000 0.41-0.80 
CB 7 3,800,000 1.200 0.09-0.29 
CB 4 5, 200.000 1.350 0.11-0.21 
CB 12 5,000,000 1.500 0.063-0.27 
CB 15 5,000,000 3.420-3 .960 0 


b. Series 2—approx 300 spores per can; incubated at 84 


CB 24 300 0 0.33-0.47 

CB 25 300 0.500 0.31-0.51 

CB 26 300 0.750 0). 22-0.34 

CB 23 300 1.000 0.086-0.18 
CB 27 300 1.640-1.920 0 

CB 21 300 


1. 360-1 .800 0 


from the 24 inoculated cans. All eight cans were then 
incubated. If no gas pressure developed in the uninocu- 
lated controls, the meat in the experimental cans was 
presumed to contain only those spores that had been 
purposely introduced. Gas development in the inocu- 
lated control cans demonstrated viability of the culture. 
In addition, occasional cans were selected at random 
from among those producing gas for verification of the 
culture’s identity. Toxin production, as indicated by 
mouse inoculation tests (Kempe ef al., 1954), was used 
for this purpose. 
LESULTS 

Two series of tests were conducted. In the first series, 

shown in table 1 and figure 1, approximately 5,000,000 
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Fic. 1. F, required to sterilize ground beef packed in no. 1 
picnic tin cans, inoculated with 5,000,000 Clostridium botulinum 
213B spores per can, and irradiated with gamma rays from 
cobalt-60 before heat processing. 
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C’. botulinum 213B spores were used per can of meat and 
the incubation was carried out at 99 F. In the second 
series, shown in table 1 and figure 2, 300 such spores 
were used per can of meat and the incubation tempera- 
ture was 84 I’. The data in both series of runs showed 
that when irradiation and heat were used together the 
amount of each form of energy required to produce 
sterile canned meat was less than that required when 
either form was used alone. Also, approximately 1.0 
megarep of gamma radiation was required before the 
accompanying heat-processing treatment could be 
appreciably reduced and still produce sterile meat. 
These data further indicate that the initial spore concen- 
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Fig. 2. F, required to sterilize ground beef packed in no. 1 
picnic tin cans inoculated with 300 Clostridium botulinum 213B 
spores per can, and irradiated with gamma rays from cobalt-60 
before heat processing. 
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tration in the meat significantly affected the severity of 
the combined irradiation-heat processing treatment re- 
quired to produce sterility. For example, with 5,000,009 
spores per can, an F, of more than 0.6 was needed to 
produce sterility following treatment with 1.0 megarep 
of gamma radiation, but, with 300 spores per can, an 
F’, of less than 0.2 was required after a like amount of 
radiation. 


Discussion 

Besides the previously observed (Kempe, 1955: 
Morgan and Reed, 1954) synergistic action of gamma 
radiation and heat for killing anaerobic bacterial spores, 
other considerations indicate the desirability of a com- 
bined irradiation-heat processing treatment for steri- 
lizing canned foods. For example, the dosage of 2.0 
megarep that is commonly suggested (Schultz et al,, 
1956) for sterilizing foods will not completely  inac- 
tivate enzymes (Hannan, 1955), pathogenic viruses 
(Jordon and Kempe, 1956), certain micrococci (Ander- 
son ef al., 1956), or botulinus toxin (Hannan, 1955), 
On the other hand, viruses, micrococci, botulinus toxin 
(Dack, 1943) and all but a few enzymes are quickly 
destroyed by moist heat at 212 I’. Since all these should 
be inactive in canned foods, a combined irradiation- 
heat processing treatment that is designed to kill (. 
botulinum spores should produce safe canned foods 
because any such process would involve heating the 
food to temperatures of 230 I or above. However, since 
C. botulinum spores are less resistant to heat than 
certain other anaerobic bacterial spores found in foods 
prevention of spoilage will likely require combined 
irradiation-heat processes of greater severity than those 
reported here. The combined irradiation-heat processing 
treatments required to sterilize canned ground beef 
inoculated with PA3679 spores will be described in a 
future paper. 
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SUMMARY 


Mild heat treatments are known to_ inactivate 
botulinus toxin, most enzymes, and pathogenic viruses 
as well as vegetative bacteria that could become radi- 
ation resistant. Since all these must be inactive in 
properly canned foods, combined _ irradiation-heat 
processing offers other advantages besides those related 
to the improved food quality and nutritive value that 
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may result from the reduced quantity of each of these 
forms of energy required when they are used together 
for food sterilization. 

Ground beef packed in no. 1 picnic tin cans and 
inoculated with Clostridium botulinum 213B spores was 
sterilized by combined irradiation-heat processing. 
Using 5,000,000 such spores per can, an F, of more 
than 0.6 was required to produce sterility following 1.0 
megarep of gamma radiation; with 300 such spores per 
‘an, an F’, of less than 0.2 was sufficient for this purpose 
after the same amount or radiation. Without pre- 
irradiation, /’, values of approximately 1.0 and 0.4 were 
required in the first and second instances, respectively. 
Preirradiation with less than 1.0 megarep of gamma 
radiation did not appreciably reduce the F, value subse- 
quently required in either instance. 
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Increased use of the freeze-drying technique to pre- 
serve bacterial stock cultures hasemphasized the problem 
of the recovery of viable cells from such preparations. 
Bacterial viability is an expression of the interre- 
lationship of several independent functions but, as 
determined by the standard bacteriological plating 
technique, is a measure only of the cellular function of 
division. Exposure of an organism to unfavorable envi- 
ronmental conditions, either physical or chemical, may 
result. in physiological injury which is not immediately 
lethal. Subsequent treatment of such a cell, by supply- 
ing the proper nutrients or a more suitable environ- 
ment, may afford the cell an opportunity of overcoming 
the injury, and thus of continuing as a viable organism. 

! This work was carried out under a working fund arrange- 
ment with the Chemical Corps, Fort Detrick, Maryland. 

* A Laboratory of the Eastern Utilization Research and De- 
velopment Division, Agricultural Research Service, U. S. De- 
partment of Agriculture. 


Streptomycin injury to Escherichia coli was reversed 
by a variety of salt solutions (Wasserman e¢ al., 1954). 
Lethal injury induced by several bactericidal chemicals 
was circumvented by the exposure of cells to metabolic 
intermediates (Heinmetz et al., 1954). The number of 
nonviable cells produced by UV irradiation was reduced 
by supplying the cell with coenzymes and metabolism 
intermediates whose action or formation is presumably 
inhibited by the treatment (Heinmetz and Lehman, 
1955). The reversal of “death by unbalanced growth”’ 
in a thymineless mutant of F. coli and in strains of EF. 
coli treated with UV irradiation have been reported 
(Cohen and Barner, 1954; Barner and Cohen, 1956). 

This paper reports on the increased recovery rate of 
viable organisms from preparations of freeze-dried Ser- 
ratia marcescens restored in a variety of salt solutions as 
compared to the detrimental effects of restoration in 
water. 
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MATERIAL AND Mertuops 

Preparations of freeze-dried Serratia marcescens, se- 
lected for low percentage of recovery of viable cells 
originally present, were obtained from the Northern 
Utilization Research and Development Division, U.S. 
Department of Agriculture, Peoria, Illinois. The cells 
were rehydrated at room temperature in the appropri- 
ate solutions to a final concentration of 2 mg dry weight 
per ml. The resulting cell suspensions were diluted im- 
mediately in solutions of the same composition as the 
rehydrating medium and plated within 5 min. The sus- 
pensions were then incubated for 3 hr at 87 C and ali- 
quots were plated again to determine the number of 
viable cells remaining. 

The plating medium’ contained 0.5 per cent Bacto- 
peptone,’ 1.0 per cent glycerol, 0.1 per cent Hdamine 
A,® 1.0 per cent NaCl, and 2.5 per cent agar, adjusted 
to pH 6.8 to 7.0.6 The high agar concentration prevented 
formation of spreader colonies that interfere with colony 
counting. Plates were prepared with a bottom layer of 
medium which was allowed to solidify, then 0.5-ml 
aliquots of dilutions of the cell suspensions were placed 
on each of duplicate plates and dispersed through an 
additional 6 ml of medium by swirling. Three dilutions 
of each suspension were plated to insure an adequate 
number of countable plates. Colony counts were made 
after an incubation period of 20 hr at 37 C. Colony 
counts, obtained from 2 or 4 plates, are reported as the 
number of viable cells per mg of the dry preparation. 

The solutions used for cell rehydration contained 
0.05 m concentration of the various compounds tested, 
unless otherwise noted in the text, and were adjusted to 
approximately pH 6.0 with NaOH prior to sterilization 
at 121 C for 12 min. 

ResuLTS 

Preparation A of the freeze-dried cells was of un- 
known age, but on initial use in this test its viable count 
was less than 0.1 per cent of the viable cells originally 
present in the dried preparation (the viable cell count 
of the suspension prior to drying was not known). Re- 
hydration of the cells in water alone (table 1) resulted 
in a low viability count, and additional incubation of 
the suspension at 37 C for 3 hr led to a further drop in 
the number of viable cells. Some salt solutions increased 
the number of reproducing cells when substituted for 
water. Succinate increased the initial cell count ap- 
proximately 6-fold, and eliminated the loss of viable 


3’ The formula for the plating medium was obtained through 
the courtesy of Dr. Robert Benedict, Northern Utilization 


Research and Development Division, U.S. Department of 


Agriculture, Peoria, Illinois. 
‘ Difeo Laboratories, Inc., Detroit, Michigan. 
5 Sheffield Chemical Co., Norwich, New York. 


6 The mention of products does not imply endorsement or 
recommendation by the Department of Agriculture over other 


products of a similar nature not mentioned. 
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cells during the 3-hr incubation period. Malate yielded 
an initial viable cell count markedly greater than ex. 
perienced on water rehydration, and considerably 
reduced the loss of viable cells during incubation, Am. 
monium acetate, ammonium citrate, and magnesium 
sulfate appeared to have a slight effect in stabilizing 
the viability of the incubated suspensions, while sodium 
chloride and glucose solutions acted like water. Ammo- 
nium nitrate appeared to be harmful to the cells. 

During the course of these studies, the number of 
viable cells recovered from Preparation A’ gradually 
decreased. After approximately 6 months no viable 
cells were recovered from material rehydrated in water, 
but on rehydrating in malate solution 730 X 10° viable 
cells per mg were recovered, and more than one-third 
of this number of cells were still viable after 3 hr of 
incubation at 37 C, 

Preparation B had been freeze-dried 4 months pre- 
vious to use, and stored in sealed capsules at —15 C. 
This preparation contained 5 per cent of the number of 
viable cells present in the original liquor prior to drying, 
The cell count of Preparation B was so much greater 
than that of Preparation A that increases in the number 
of viable organisms induced by rehydration in the salt 
solutions were not as dramatic as observed with the 
latter preparation. However, the results (table 2) con- 
firmed and extended the observations obtained with 
Preparation A. Rehydration in succinate, glucose, and 


TABLE 1. Effect of some compounds on the recovery of viable cells 
of freeze-dried Serratia marcescens 
Preparation A* 


: Viable Count X 104 
Experiment 


Oo. 


Rehydrating Solutiont 


5 Min 3 Hr 

l Water 16 0 
Succinate 100 100 
Ammonium nitrate 2 0) 

2 Water 22 | 
Sodium chlofide 12.5 2.7 
Ammonium acetate 13 20 
Ammonium citrate 26 10 

3 Water 2.8 0.75 
Magnesium sulfate 5.5 3.3 
Malate 7280 $260 
Glucose 1.5 0.8 

| Water 1.5 0.5 
Malate 1120 660 

5 Water 0 0 
Malate 730 288 


* Freeze-dried cells of unknown age. Viable count contained 
less than 0.1 per cent of the viable cells originally present in the 
dried preparation. 

+ All compounds in this and the following tables were tested 


at 0.05 mM concentrations, unless otherwise noted. Solutions 
were adjusted to pH 6.0 prior to sterilization. 
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to some extent potassium phosphate and malate, in- 
creased the initial count of viable cells obtained on water 
hydration. Incubation in all of these solutions except 
glucose maintained a higher number of viable cells. 
Glucose, although initially stimulating the cells, was 
unable to provide a suitable environment for maintain- 
ing viability during the 3-hr incubation, and gave a final 
viable count similar to that of water alone. 

The third dried cell preparation to be tested, Prepara- 
tion C, was also approximately 4 months old when used. 
It contained about 4 per cent of the viable cells present, 
prior to dehydration. The cells had been stored at — 15 
( over Drierite? until utilized. Greater numbers. of 
viable organisms were obtained initially upon rehydrat- 
ing the cells in ammonium chloride and sucrose (espe- 
cially 0.25 M sucrose) instead of water (table 3). Con- 
tinued incubation at 37 C resulted in a decrease of viable 
cells below the number recovered from water suspen- 
sions. Sodium and potassium phosphate solutions also 
yielded higher initial counts of viable cells, and these 
remained higher following the incubation period, when 
contrasted to the water control suspensions. Malate, 
which was so effective as a rehydrating medium with 
Preparation A, allowed no greater recovery of viable 
cells from Preparation C than did water. 

Some factors influencing recovery of viable cells of S. 
marcescens (Preparation A) from malate solutions. Be- 
cause rehydration of the freeze-dried cells of Preparation 
A in malate solution resulted in a substantial increase 
in the number of viable organisms, it was of interest to 
study this effect further. The experimental conditions 
for the rehydrating solutions, 0.05 M concentration and 
pH 6.0, had been selected arbitrarily at the beginning 
of the study. However, the rehydration of aliquots of 
Preparation A in solutions containing malate at various 
concentrations and pH levels showed that these were 
actually the optimal conditions for recovery of the maxi- 
mum number of viable cells (table 4). 

The influence of temperature on the recovery of viable 
cells from the rehydrated preparations was also investi- 
gated. Since the testing procedure involved two steps 
(that is, rehydration of the dried cells and then incuba- 
tion of the cell suspensions), an experiment was de- 
signed to determine the combined relationship of some 
temperature levels on both steps. Aliquots of the dried 
cell preparation were rehydrated in malate solutions at 
5, 30, and 37 C. Following the removal of samples for 
initial viability determinations, the suspension prepared 
at 5 C was incubated at 5 C. The 30 C suspension was 
divided into three portions, of which one was incubated 
at this temperature (30 C) and the other two were 
chilled to 20 and 10 C respectively and incubated at 
these temperatures. The 37 C preparation was incu- 
bated at 37 C. A control suspension of cells, restored in 


*W. A. Hammond Drierite Company, Xenia, Ohio. 


water at 30 C, was incubated at 37 C. Viability deter- 
minations were made after 3 hr of imcubation at the 
indicated temperatures. 

Rehydration in malate at 30 C resulted in the largest 


TABLE 2. Effect of some compounds on the recovery of viable 
cells of freeze-dried Serratia marcescens 
Preparation B* 


Experiment | | Viable Count X 10-6 
“xperumen’ | Rehydrating Solution 


5 Min 3 Hr 
1 Water 63 13 
Glucose 105 13.5 
Succinate | 141 93 
|Potassium phosphate 81 71 
‘Ammonium nitrate 53 1.5 
\Malate 85 74 
‘Sodium chloride 61 16 


* Freeze-dried cells 4 months previous to use. Contained 5 
per cent of the number of viable cells present in the original 
liquor prior to drying. 


TABLE 3. Effect of some compounds on the recovery of viable cells 
of freeze-dried Serratia marcescens 
Preparation C* 





Viable Count X 10-6 








ne am Rehydrating Solution a 4 

5 Min 3 Hr 

1 |Water 48 29 
Ammonium chloride 102 17.5 

Ascorbate 11 14 

Thiourea 56 | 23 
2 ‘Water 12 4.5 

‘Sucrose 0.25 M 75 2 
Sucrose 0.88 M 22 2.5 
Sodium phosphate 33 25.5 

Potassium phosphate 45 35 

Malate 12 7 
|Gluconate | 16.5 0.5 








* Approximately 4 months old. Contained about 4 per cent 
of the viable cells present prior to dehydration. 


TABLE 4. Effect of malate concentration and pH on the recovery 
of viable cells of freeze-dried Serratia marcescens 
Preparation A 





Viable Count X 1073 








Malate 
Comssniaitio pH ‘ 
5 Min 3 Hr 
ne iis 2 ie 7 
0.01 6.0 0.4 0 
0.05 6.0 730 288 
0.25 6.0 288 189 
0.05 5.0 4.5 1.2 
0.05 6.0 1,120 690 
0.05 7.0 32 23 
0.05 8.0 26 12 
Water | 0 0 
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number of cells that were immediately viable (table 5). 
Suspending the cells at 5 C yielded approximately 95 
per cent less viable cells than at 30 C, while rehydration 
at 37 C resulted in a 99 per cent reduction. Cells rehy- 
drated at 5 C showed a small decrease in the number of 
viable organisms after incubation at 5 C. Complete loss 
of the few cells initially viable on rehydration at 37 C 
occurred on incubation at 37 C. The cells originally 
suspended in the 30 C malate solution suffered some re- 
duction of viable cells on incubation at 10, 20, or 30 C, 
but the degree of viability loss did not appear to be due 
to a thermal effect. 

These data suggest that the temperature of the rehy- 
drating solution is of greater importance to the cell in 
recovering from injury than is the temperature of fur- 
ther incubation. 

Since the number of viable cells remaining in freeze- 
dried cell preparations of S. marcescens was reduced so 
drastically when water instead of malate was used as 
the rehydration and incubation medium, the possibility 
was considered that malate might reverse the harmful 
effects of water or, conversely, that water might have 
an adverse effect on cells rehydrated in a malate solu- 
tion. 

A known weight of dried cells was dispersed in water 
and aliquots of the suspension were immediately diluted 
with water and 0.05 M malate solution to give suspen- 
sions containing 2 mg dry weight per ml. A similar 


TaBLe 5. Effect of temperature on the recovery of viable cells 
of freeze-dried Serratia marcescens 
Preparation A 


Viability Count & 1073 


Rehydrating Rehydration Incubation 


Solution Temperature Temperature 
5 Min 3 Hr 
( Cc 
Water 30 37 0.6 0.15 
Malate 5 5 37 25 
30 10 633 331 
20 633 229 
30 633 280 
37 37 4.4 0 


TABLE 6. Effect of malate and water on the recovery of viable 
cells from freeze-dried Serratia marcescens 
Preparation A 


Viability Count 10-3 


Rehydrated In: Transferred To: 


5 Min 3 Hr 
Water Water 1.5 0.5 
Malate 1.1 1.9 
Malate Water 960 165 
Malate 1,120 660 
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quantity of dried cells was suspended in 0.05 m malate, 
and aliquots immediately added to water and malate 
solution to yield 2 mg dry weight per ml. Dilutions for 
viability determinations were then made in the same 
menstruum as the final cell suspensions. 

Initial viability counts made immediately following 
rehydration indicate (table 6) that transfer of cells to 
malate solution following rehydration in water did not 
reverse the harmful action of the water, there being no 
more viable cells in this solution than in that diluted 
with water. Incubation of these cells in the malate 
solution may have had a sparing action on the cells still 
viable. The counts were too low to determine whether 
the difference in viable count between the water and 
malate suspensions was significant. 

Cells rehydrated in malate solution, then transferred 
to water or malate solution, had initial viable counts 
approximately 700 times as great as the cell prepara- 
tions originally dispersed in water. On further incuba- 
tion at 37 C for 3 hr the cells transferred to water 
showed an 85 per cent decrease in viable cell count, 
whereas the viability of the malate-suspended cells 
decreased only 40 per cent. It should be noted, however, 
that the so-called water suspension of cells was not pure 
water as used in the previous experiments. The addition 
of the malate-restored cells actually formed a solution 
0.005 mM with respect to malate. It is believed that 
even this small amount of malate may have been suffi- 
cient to counteract to some extent the harmful action of 
water, thus maintaining a higher viable count than that 
obtained with pure water. 

DIscussION 

l'reeze-drying and rehydration impose violent stresses 
on organisms. Under such conditions, nonlethal injuries 
may occur, for example, destruction of a sensitive en- 
zyme, alteration in cellular permeability, or accumula- 
tion of inhibitory substances. Upon culturing the 
rehydrated organisms, the effect of such injuries may 
become apparent. The conditions of rehydration and 
culturing become important, therefore, in determining 
whether the organisms will survive, or whether the in- 
jury will become lethal through the inability of the cell 
to compensate for the physiological fault. 

I'resh cells suspended or diluted in water suffer little 
loss in viability. However, harmful effects may become 
apparent following an injury. The death rate of bacteria 
in water was greatly increased on either side of pH 6.0 
(Winslow and Falk, 1923). Wasserman et al. (1954) have 
shown that dilution in water sharply decreases the 
number of viable cells following rapid treatment with 
streptomycin. Heller (1941) demonstrated that rehy- 
dration of dried bacteria in water caused a high death 
rate. Although the mode of action of water on injured 
cells has not been explained adequately, it is believed 
that the original injury involves alteration in cellular 
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permeability allowing water to enter the cell. Replacing 
water With solutions of some salts results in an improve- 
ment in the viability pattern. Two effects are evident 
with dried cells of the strain of S. marcescens used in 
these experiments: (1) The viable count immediately 
upon rehydration in some salt solutions is higher than 
that obtained in plain water. (2) Even if the initial 
viable count is not greater, the principal effect of the 
salt solution is in the maintenance of higher viable 
counts during the 3-hr incubation period. 

Interpretation of the data is difficult on the basis of 
present-day knowledge. The efficiency of succinate and 
malate solutions in increasing the recovery of viable 
cells from dried preparations may seem at first to be 
explained by the suggestion of Heinmetz et al. (1954) 
and Heinmetz and Lehman (1955) that injured cells can 
resume normal cellular functions if the nutrients needed 
beyond the point of inhibition are supplied. Two 
points militate against this theory, however: (1) the 
ability of dried cell preparations to oxidize metabolites 
normally and (2) the characteristics of malate action in 
the recovery of cell viability. Wasserman et al. (1956) 
have shown that dried cells can oxidize such metabolites 
as glucose to the same oxidative level as fresh cells, 
indicating that it is not a metabolic block in the dried 
cells that is relieved by the malate and succinate. The 
malate is apparently not acting as a substrate, since 
malate concentrations higher than the optimal level of 
0.05 Mm were actually less effective in viable cell recovery, 
even though these increases were still within the meta- 
bolic range. Exposure of the dried cells to water, even 
momentarily, leads to a loss of the reversing action of 
the malate, while previous exposure of the cells to 
malate helps protect some of the cells against the harm- 
ful action of the water. 

Thus malate appears to act in some manner other 
than as a metabolite. In the freeze-drying process, in- 
juries to cellular permeability could possibly occur. 
Rehydration of such cells in water could lead to fatal 
osmotic inequilibriums, or to leakage of vital cell con- 
stituents. Heller (1941) found that drying cells in the 
presence of easily soluble dissimilable compounds de- 
creased the death rate on rehydration of the cells. It is 
possible that under these conditions the protective ac- 
tion occurs, not during the drying state, but upon 
rehydrating the cells, when large osmotic pressures can 
occur instantaneously. (lor review of the literature on 
freeze-drying bacteria see Fry, 1954.) 

The rehydrating solution temperature is also impor- 
tant in maintaining viability in dried cells. Maximum 
recovery occurred when S. marcescens cells were restored 
at 30 C. Rehydration of dried cells at 5 or 37 C resulted 
in a lower number of viable cells. Hiscox (1945) re- 
ported greater viability counts in spray dried milk on 
rehydration at 50 than at 20 C. Rehydrating the cells 
at 20 C, then quickly warming to 50 C, did not increase 


the number of viable cells. Speck and Meyers (1946) 
reported greater numbers of viable Lactobacillus bul- 
garicus, dried in skim milk, were recovered on rehydra- 
tion at 37 to 50 C than at 20 C. These authors also 
found rehydrating L. bulgaricus at 50 C was lethal to 
freeze-dried, but not to spray dried cells. Hiscox (1945) 
has compared the effect of higher temperatures on the 
viability of dried bacteria with the effect of thermal 
shock on spore germination; however, insufficient data 
are available at this time to formulate a theory for the 
reversal of cell viability by higher temperatures. 

Although the age and conditions of drying of Prepa- 
ration A are unknown, it is evident that the extent of 
cell injury in this preparation was much greater than in 
the others. This is indicated by the fact that viability 
count of Preparation A rose sharply when it was rehy- 
drated in sodium malate instead of in water. In contrast, 
Preparation B showed only a slight increase in viability 
count when rehydrated in sodium malate and Prepara+ 
tion C showed about the same count whether water or 
sodium malate was the rehydrating agent. Evidently, 
Preparation A contained many injured cells which were 
revived by the sodium malate but not by the water. 
The age of Preparation A would have little to do with 
this situation. The important consideration would be 
the extent of cell injury. If it had many injured cells, 
it may not have survived even a short storage period; if 
few of its cells were injured, rehydration, with little loss 
in viability, should be possible even after long storage. 
Also important in this connection may be conditions 
of storage in accelerating or retarding the loss of viability 
of injured cells. Optimal storage conditions have yet to 
be defined. 

Unknown conditions during growth, the freeze- 
drying process, or rehydration may influence the sus- 
ceptibility or resistance of the cell to injuries which are 
responsive to malate treatment. The reaction of the 
three cell preparations may be the same to other com- 
pounds (not tested) capable of increasing the recovery 
of viable cells, but on the other hand the pattern of 
response may vary, depending on the site or sensitivity 
of the injury. 

Increased recovery of viable cells from freeze-dried 
preparations of bacterial species other than S. marces- 
cens should be possible if the proper rehydration media 
are substituted for water. However, because the various 
species have such diversified metabolic processes, the 
nature and site of injury could vary so that a universal 
rehydrating medium might not be possible. 


SUMMARY 
Recovery of viable cells of freeze-dried Serratia mar- 
cescens was greater if some salt solutions were substitut- 
ed for water as the rehydrating medium. However, the 
effectiveness of the salt solutions depends on unknown 
conditions within the cells developed during growth or 
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the freeze-drying process. Continued viability of rehy- 
drated cells during incubation at 37 C for 3 hours was 
dependent on the composition of the suspending me- 
dium. The number of viable organisms decreased 
greatly when suspended and incubated in water. Several 
salts were effective in maintaining higher viable cell 
counts. Maximum recovery of viable cells of one dried 
preparation rehydrated in malate solution was obtained 
in 0.05 M malate at pH 6.0, and at a temperature of 
30 .C. 
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At the present time, it is debatable whether coliforms 
or enterococci are the better indicators of pollution in 
foods and water. There is a definite trend toward the use 
of fecal streptococci in preference to the coli-aerogenes 
bacteria for the detection of fecal contamination in 
foods. 

Enterococci have been used by many investigators. 
Mallmann and Seligmann (1950) in a comparative 
study of media for the detection of enterococci and other 
streptococci in water and sewage showed that azide 
glucose broth was more effective than any other as a 
means of testing for and measuring fecal streptococci in 
water, sewage and shellfish, as well as other materials 
suspected of sewage pollution. The growth in this me- 
dium should be checked microscopically. 

Leininger and McCleskey (1953) examined various 
surface waters to determine bacterial indicators of 
pollution. In all waters studied, high total counts were 
associated with relatively high counts of coliforms, 
Escherichia coli and enterococci. They indicated that 





differences between relatively clean and recently pol- 
luted water were shown more strikingly by the entero- 
cocci than by the coliform bacteria. 

A selective medium containing ethyl violet and so- 
dium azide was developed by Litsky et al. (1953), 
which was specific for the growth of enterococci from 
pure cultures or from glucose azide broth showing 
growth from sewage-contaminated water. 

Morris and Weaver (1954) examined, in duplicate, a 
series of samples of water taken from 52 wells. They 
determined the most probable number values for coli- 
form organisms immediately and on streptococci after 
24 hr storage at room temperature. The numbers of 
coliforms and streptococci were found to be, on the 
average, identical. The coliforms and streptococci were 
found to be of equal value as index organisms for de- 
tecting the presence, absence, or extent of pollution. On 
examination of the stored samples, the test for strepto- 
cocci appeared slightly superior, inasmuch as_ the 
numbers of streptococci never increased in the sample, 
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while the numbers of coliforms might either increase or 
decrease. The test for streptococci required less time 
and materials than the test for coliforms. 

Briggs ef al. (1954) have shown that the enterococci 
and lactobacilli predominate over the coliform bacteria 
by 100 to 1,000:1 in the gut of the pig. 

Larkin ef al. (1955a, b, e, d) showed that both coli- 
form bacteria and fecal streptococci were present in 
many frozen foods, but the fecal streptococci were de- 
tected more consistently, and usually in greater num- 
bers, than coliform bacteria. They believed that the 
fecal streptococci could be used more advantageously 
in preference to the coliform bacteria, as indicator 
bacteria in frozen foods. They also showed that the 
enterococci lasted longer in frozen foods while the coli- 
forms died out. 

Ingram and Hobbs (1954) isolated streptococci from 
commercial canned hams. Ingram and Barnes (1955) 
reported that recently the fecal streptococci have been 
recognized as an important element in the flora of 
meats. These organisms have been isolated from spoiled 
canned hams in large numbers and it is evident that 
when they are present initially they are able to multiply. 

Barnes and Ingram (1955) showed that Streptococcus 


faecium (Orla-Jensen) (Streptococcus faecalis) isolated 


from canned hams has been solely of porcine, rather 
than of human origin and Streptococcus faecalis was 
absent from both the gut of the pig and from canned 
hams. Their work indicates that the enterococci may be 
regarded as containing the S. faecalis types primarily 
associated with the human and S. faecium types asso- 
ciated with the animal (pig). Whether this relationship 
will hold true with other animals is not known. 

Appleman (1955) has pointed out certain of the prob- 
lems associated with the use of enterococci and coli- 
forms as indicators of pollution. 

Kaplan and Appleman (1952) earlier had found en- 
terococci present in all 42 samples of commercially 
frozen concentrated orange juice processed by three 
different plants, while coliforms were present only in 4 
samples. The streptococci were identified as S. faecalis 
and S. liquefaciens. Previous work in our laboratories 
has shown that, if frozen concentrated orange Juice was 
neutralized, inoculated directly into SF (S. faecalis) 
medium (Hajna and Perry, 1943) and incubated at 
45.5 C, relatively few positive results were obtained. 
This is possibly due to citrate or peel oil effects. How- 
ever, if the juice was first inoculated into phenol red 
lactose broth and incubated at 37 C for 48 hr, the phenol 
red lactose broth would function as an enrichment 
medium for the enterococci and transfers could be made 
from this medium to SF medium at 45.5 C with no 
deleterious effects. It was decided that this work should 
be repeated and, if enterococci were again found, that a 
separation be made of the S. faecalis and S. faecium 
types. 


EXPERIMENTAL METHODS 


Twenty-five cans of frozen orange juice concentrate 
of nine different brands were examined. Samples con- 
sisting of 1.0-, 0.1-, and 0.01-ml portions were inocu- 
lated into phenol red lactose broth and SF medium. The 
pH was adjusted by adding sterile NaOH until the 
original red color of the medium reappeared. Cotton 
plugged pipettes were used in most of the experiments 
to prevent any possibility of streptococci entering from 
the mouth. The inoculated phenol red lactose broth and 
SF medium tubes were incubated at 37 and 45.5 C re- 
spectively for 48 hr. The examination of the results 
showed that all samples produced acid and gas in 
phenol red lactose broth at 1.0 ml, 96 per cent at 0.1 
ml, and 92 per cent at 0.01 ml. The results are recorded 
in table 1. Ten samples were positive for enterococci at 


TABLE 1. Comparison of samples positive in phenol red lactose 
broth with eosin methylene blue agar and microscopic * 


examination 


Nae Phenol Red Lactose Broth Eosin 


~ Gram 
Samples eens motasens Blue Nesative Roda 
1.0M1 | 0.1 Ml 0.01 MI er 
23 + + + ~ - 
1 + + - - = 
I ~ - - - - 


TaBLE 2. Numbers of enterococci per ml of frozen orange 


juice as determined by two methods 


SF Medium from 


s f Direct SF Positive Phenol 

SORES No. of Medium Red Lactose 

Organisms _ Sauanles Broth 
(Concentrate) | * cat 


1.0 M1 | 0.1 MI | 0.01 M1) 1.0 M1 | 0.1 M1 | 0.01 M1 


A 1 +) -) - +) 4+) 4 
B 2 -|-|}-|+)+ |) 4 
Cc 3 +)/- |) - |) +) +) +4 
D 2 -|/-};-|+|)+ +4 
E 2 -)  -)-—) +) +4) +4 
F 1 -|-|-|+])+/ +4 
G 1 -/}/-/}/-)+),4+)- 
H 3 -/-/-|;+])-|- 
J 2 +)/- |) - +)-) - 
K 1 -) =~) =) +) -] = 
L 1 +) -|)-) +)4+ {+4 
M 3 +) - -) +) 4+) 4 
N 3 - | -|}-|+])+)4 


TABLE 3. Number of samples containing Streptococcus faecalis 
or Streptococcus faecium 


. 4 > ac 
1:2,500 Potas- 1: 2.500 Potas- 


Samples | Sorbitol | “Phenol Red | sium Tellurite | yaentiscation 
Lactose Broth ood Agar 
8 _ - ~ S. faecium 
3 a _ - S. faecium 
2 - + + | S. faecalis 
12 I = 5 + 


| S. faecalis 
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1.0 ml of orange concentrate and negative at 0.1 and 
0.01 ml by direct inoculation into SEF medium. The 
results are recorded in table 2. 

Transfers from all positive phenol red lactose broth 
tubes to eosin methylene blue agar were made and incu- 
bated at 37 C for 48 hr. The examination of the results 
showed no typical coliforms (table 1). Positive presump- 
tive coliform tests of course have no correlation to the 
coliform group where frozen citrus concentrates are 
inoculated into phenol red lactose broth. Martinez and 
Appleman (1949) pointed out that the citrus juice con- 
tains sucrose and glucose that can be fermented by 
yeasts and other noncoliform organisms, in addition to 
other reasons for false positive tests. 

One ml transfers from all positive phenol red lactose 
broth tubes to SF medium were made and inoculated at 
15.5 C for 48 hr. The examination of the results showed 
that all samples were positive for enterococci at 1.0 ml, 
75 per cent positive at 0.1 ml, and 25 per cent positive 
at 0.01 ml amounts (table 2). 

This work, confirming the previous experiments, 
clearly demonstrates that the enterococci determination 
should not be attempted with frozen citrus concentrates 
by inoculating directly into Sl medium. 

Gram stain preparations were made from positive 
tubes and from colonies obtained from eosin methylene 
blue agar. They indicated gram-positive, spherical to 
ovoid cells which occurred singly, in pairs, and occa- 
sionally in short chains. 

The microscopically typical streptococci were trans- 
ferred to 1:2,500 potassium tellurite blood agar, sor- 
bitol, and litmus milk, and incubated at 37 C for 48 hr. 
The examination of the results showed that 48 per cent 
grew in the presence of 1:2,500 potassium tellurite, fer- 
mented sorbitol, and caused strong reduction in litmus 
milk. Eight per cent grew in the presence of 122,500 
potassium tellurite, caused strong reduction in litmus 
milk, but did not ferment sorbitol. Twelve per cent were 
inhibited by the presence of 1:2,500 potassium tellurite, 
fermented sorbitol, and caused little or no reduction in 
litmus milk. Thirty-two per cent were completely nega- 
tive. The results are recorded in table 3. 


DISCUSSION 


The enterococci were found present in all samples of 
commercially frozen orange Juice concentrate examined, 
However, more critical studies must be made with many 
other foods to determine whether the enterococci should 
replace the coliforms as indicators of fecal pollution. At 
the present, it is assumed that the presence of entero- 
cocci indicate feeal contamination from some source. 
The uniform presence of enterococci and the virtual 
absence of coliforms in frozen orange concentrates 
means that, at least from this product, the enterococci 
are the important group. 

In addition, the type of enterococci present whether 


from human, avian, or other sources should be deter. 
mined, If the source were known, it might be possible 
to guard against contamination at that point. 


SUMMARY 


Twenty-five cans of commercially frozen orange juice 
concentrate were examined. [nterococei were found in 
all samples. The juice was first inoculated into phenol 
red lactose broth and incubated at 37 C (this medium 
served as an enrichment medium) and then transferred 
to SE (Streptococcus faecalis) medium and incubated at 
15.5 C. This procedure gave the more positive results 
for the enterococci. 


The most critical differentiation of the Streptococcus 


faecalis and Streptococcus faecium type strains was 


based on the ability of the former to grow in the pres- 
ence of 1:2,500 potassium tellurite in blood agar. When 
122,500 potassium tellurite was added to phenol red 
lactose broth, similar results were obtained indicating 
that phenol red lactose broth might possibly be substi- 
tuted for tellurite blood agar. 

Forty-eight per cent of the strains isolated were 
identified as S. faecalis, while others were probably 
variants and S, faecium. No coliforms were isolated from 
any of the cans. 
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The fungi most commonly found attacking citrus 
fruits are Penicillium italicum (blue mold), Penicillium 
digitatum (green mold), and Phomopsis citri: (stem-end 
rot). After long storage still other fungi, for example, 
Alternaria citri and Diplodia natalensis, may be involved 
(Wolf and Wolf, 1947). The importance of proper regu- 
lation of temperature and humidity for the control of 
mold growth during transportation and storage is well 
recognized (Lauriol, 1951). However, it is not always 
possible to prevent fungus activity by storage at low 
temperature alone. Hence, the treatment of fruit with 
chemical agents is practiced as a companion measure 
(Winston, 1935; Ramsey et al., 1944; Childs and Siegler, 
1944; Lauriol, 1952; Reddish, 1954). 

During investigation of the antimicrobial properties 
of a series of 6-piperidinopropiophenones (Florestano 
et al., 1957), 


phenyl-3-butanone hydrochloride, was found to possess 


one of the compounds, 1-piperidino-2- 


marked activity im vitro against a number of fungi 
pathogenic to animals, as well as against Chaetomium 
globosum, involved in mildew-rotting of fabrics, and 
against Sclerotinia fructicola, the cause of brown-rot in 
stone fruits. In addition, the compound showed signifi- 
cant activity against Micrococcus pyogenes var. aureus 
and Escherichia colt. 

1 - Piperidino-2-phenyl-3-butanone hydrochloride, 
with a molecular weight of 267.8 and melting point of 
166 to 168 C, is a heat labile, white crystalline sub- 
stance, highly soluble in water and ethanol. Although 
originally investigated for its efficacy in the treatment of 
dermatophytoses, the high degree of activity shown by 
the compound against fungi pathogenic to plants sug- 

' Present address: Deleo-Remy Division, General Motors 
Corp., Anderson, Indiana. 


gested its possible use as an agricultural fungicide. The 
present report deals with the effectiveness of this de- 
rivative in the control of fungus growth on citrus fruit. 


IeXPERIMENTAL METHODS 


For this study, oranges bought on the open market 
were used. Preliminary to testing, each orange was 
hand-washed in a mild solution of trisodium phosphate 
followed by thorough rinsing in tap water. The fruit 
was left exposed to dry overnight at room temperature. 

Experiment 1. To test the efficacy of 1-piperidino-2- 
phenyl-3-butanone hydrochloride as a growth inhibitor 
of naturally (air-borne) occurring fungi, lots of 30 
oranges were sprayed, respectively, with alcoholic solu- 
tions containing 0.5, 2, and 5 per cent of the compound. 
For purpose of comparison, an additional group of 30 
oranges was treated with an 8 per cent aqueous solution 
of borax (sodium borate). A separate lot of 30 untreated 
oranges was included as a control. To insure adequate 
contact with the chemicals, each lot of oranges to be 
treated was arranged in a single layer in a wire basket 
(14 in. mesh) and subjected from all angles to a strong, 
continuous spray of 1 min duration. After treatment, 
respective lots were transferred, stem-end up, to steri- 
lized porcelain trays and stored at room temperature 
for a period of 4 weeks. The oranges were examined at 
weekly intervals, noting (1) the number of sound fruit, 
(2) the number of oranges with visible fungus growth, 
(3) the number of decayed oranges with no obvious 
fungus growth, and (4) the number showing any surface 
effect that could be attributed directly to the chemical 
per se. 

Results are presented in table 1. Since no direct 
damage to the rind through chemical action was appar- 
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ent, only the percentages of sound oranges and oranges 
with visible fungus growth are recorded, the difference 
from the total number in each lot consisting, therefore, 
of oranges undergoing decay with no perceptible fungus 
growth. From the results obtained, 1-piperidino-2- 
phenyl-3-butanone hydrochloride appeared to be as 
effective as borax in preventing fungus growth. At the 
end of the first week of storage, none of the oranges 
treated with 5 per cent 1-piperidino-2-phenyl-3-buta- 
none hydrochloride or 8 per cent borax showed any 
evidence of fungus growth, while 26.6 per cent of the 
untreated oranges were visibly infected. By the fourth 
week, only 2 or 6.6 per cent of the oranges treated with 
5 per cent 1-piperidino-2-phenyl-3-butanone hydro- 
chloride revealed fungus growth, compared to 4 (13.3 
per cent) obviously contaminated oranges treated with 
borax. At this time, however, 60 per cent of the controls 
had been noticeably attacked by fungi. 

Experiment 2. As in the first experiment, 4 lots of 30 
oranges each were again treated with alcoholic solutions 
of 1-piperidino-2-phenyl-3-butanone hydrochloride at 
concentrations of 0.5 per cent, 2 per cent, and 5 per cent 
and with an 8 per cent aqueous solution of borax, re- 


TABLE 1. Growth control of naturally occurring fungi of oranges 
(Experiment 1) 


Condition of Oranges 


Per cent with 


Treatment — Per cent = = fungus growth = 
Days Days 
7 14 21 28 7 14 2 | 28 
o- — — - | 
| 
1-Piperidino-2- 0.5 (76.676.673.3,66.6) 3.3) 3.3:10.0)13.3 
phenyl-3-buta-| 2.0 63.3.56.6 56.6 53.3 10.0 13.3 23.3)/30.0 
none: HCl 5.0 (93.3)86.6,76.663.3 0.0) 3.3) 3.3) 6.6 
Borax 8.0 93.3:76.673.366.6 0.0) 3.3)10.0/13.3 
None 53 .3,50.0 50.0,30.0/26.6 30.0 30.0/60.0 


TABLE 2. Control of fungus growth on oranges following stem-end 
inoculation 
(Experiment 2) 


Condition of Oranges 


Per cent with 


Treatment — Per cent sound fungus growth 
Days Days 

7 || a | | 7 |] a | 2 

1-Piperidino-2- _0.5 |70.0;70.066.6,60.0 6.6) 6.6:10.0 20.0 
phenyl-8-buta-| 2.0 83.3'76.673.3.56.6 3.3) 3.3) 3.320.0 
none- HCl 5.0 (76.666.660.050.0 6.6 6.610.0,10.0 
Borax 8.0 (70.066.663.350.0 6.6) 6.610.0/26.6 
None 53 .3/53.3 53.3 43.3, 16.6/23.3/23.3 40.0 





IVOL, 5 


spectively. The stem-end of each orange was next inocu- 
lated, by means of an atomizer, with a spore suspension 
of Phomopsis citri. Thirty untreated oranges were simi- 
larly inoculated as controls. The various groups of 
oranges were stored in sterilized porcelain trays at room 
temperature and examined at weekly intervals. 

Data given in table 2 indicate the percentages of 
sound oranges and of oranges manifesting fungus 
growth. Fungi of all types appearing (blue, green, white, 
and stem-end) were included in the enumeration of 
oranges grossly infected. After 7 days’ storage, the num- 
ber of sound oranges in the group treated with 5 per 
cent 1-piperidino-2-phenyl-3-butanone hydrochloride 
was 23 (76.6 per cent) compared to 21 (70 per cent) in 
the group sprayed with the borax solution, with 16 
(53.3 per cent) sound oranges in the untreated or con- 
trol group. At the end of the fourth week, 50 per cent 
of the oranges in each of the above treated groups were 
apparently sound, with 43.3 per cent sound in the con- 
trol group. The incidence of oranges affected by fungus 
growth at final examination was 20 per cent of the lots 
treated respectively with 0.5 per cent and 2 per cent 
solutions of 1-piperidino-2-phenyl-3-butanone hydro- 
chloride and 10 per cent of the group treated with the 5 
per cent solution, with 26.6 per cent of the borax-treated 
group showing fungus growth, and 40 per cent of the 
oranges infected in the control group. 

DiscUSSLON 

Various compounds have been tested for their effec- 
tiveness as mold-preventives for citrus fruits. Significant 
reduction in decay has been reported following appli- 
cation of sodium bicarbonate in concentrations of 2.5 
to 3 per cent (Klotz, 1936). Inhibition of decay-produe- 
ing organisms was observed with o-phenylphenol 
(Rattray, 1939) and diphenyl (MacIntosh, 1945), but 
not without adversely affecting the fruit. Childs and 
Siegler (1944) found thiourea in 5 per cent concentration 
effective in controlling stem-end rot and green mold 
decay, while Lauriol (1952), in a study of various 
methods to prevent citrus fruit spoilage, obtained best 
results with borate solutions. Soaking the fruit in 10 
per cent sodium borate was more effective than 10 per 
cent metaborate, 10 per cent pentaborate, or 5 per cent 
borate. 

From the results obtained in the present study, it is 
apparent that 1-piperidino-2-phenyl-3-butanone _ hy- 
drochloride may be as effective as sodium borate in 
controlling fungus growth on oranges. The lower con- 
centrations of the ketone required for comparable re- 
sults seem to justify further work with this compound 
as a mold inhibitor for fruit. 


SUMMARY 


A ketone derivative, 1-piperidino-2-phenyl-3-buta- 
none hydrochloride, possessing marked antifungal 
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properties and significant antibacterial action in vitro, 
has been tested as a preventive against fungus attack 
of fruit. 

Definite experimental control of blue and green mold 
decay and stem-end rot of oranges was obtained follow- 
ing application of an alcoholic spray containing the 
fungicide in concentrations ranging from 0.5 to 5 per 
cent. 

At 0.5 per cent, 1-piperidino-2-phenyl-3-butanone 
hydrochloride effected the same degree of protection as 
did an aqueous solution of borax at 8 per cent. 
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The isolation of the microorganisms of the genus 
Salmonella is frequently difficult when their number 
is relatively small in comparison to the total bacterial 
population of the specimen. The use of selective agents 
in the medium may result in low recovery rates for 
Salmonella because many of these bacterial cells may 
die or be inhibited before they become adapted to the 
environmental changes. However, the use of a non- 
selective medium or one of low selectivity permits exces- 
sive growth of unwanted bacterial species which may 
suppress or overgrow the Salmonella colonies. Thus 
many of the procedures in current use may yield nega- 
tive results when there is actually a small percentage of 
Salmonella present in the bacterial population. 

This paper describes a procedure which appears to 
overcome some of the difficulties in the use of highly 
selective media and gives improved recovery rates for 
several species of Salmonella. The method consists of a 
short period of incubation in a selective enrichment 
liquid medium (Osborne and Stokes, 1955) which per- 
mits rapid multiplication of many Salmonella species 


‘Prepared under Delegation of Authority No. 1 from the 
Federal Civil Defense Administration. 

* Present address: Department of Botany and Bacteriology, 
University of Cincinnati, Cincinnati, Ohio. 


with some reduction in growth of many other bacterial 
species. After incubation for approximately 6 hr in the 
enrichment medium, Salmonella are actively growing, 
having become adjusted to the selective medium while 
the other species, for the most part, are slowed in growth 
rate. The bacteria are then removed by filtration 
through a membrane filter and the membrane incubated 
on the single strength selective medium for the growth 
of colonies of Salmonella and further restriction of other 
bacterial species. By use of water samples which had 
been seeded with freshly isolated Salmonella, or with 
feces from mice fed cultures of Salmonella, improved 
recovery rates were demonstrated by this membrane 
filter (MF) technique. 


METHODS AND MATERIALS 


Media used in this investigation were selenite brilliant 
green broth (SBG) single and double strength, with or 
without the addition of sodium sulfapyridine 0.05 and 
0.1 per cent, respectively. The formulas are shown in 
table 1. 

The media are boiled for 5 to 10 min. Excessive heat- 
ing or pressure sterilization is to be avoided. The pH of 
the finished medium is 7.2. 

One ml of various dilutions selected to give an ade- 
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quate range for proper bacterial density was added to 
149 ml double strength (2 X ) selenite brilliant green broth 
with or without sodium sulfapyridine. The dilution- 
enrichment broth samples were then incubated at 35 C 
in a water bath for 4 to 6 hr. Following this incubation, 
the samples were suspended in 30 ml of sterile dilution 
water and filtered through 47-mm diameter membrane 
filters,* followed by two additional rinses of 30 to 35 ml 
each. The membrane filters were then placed on nutrient 
pads containing 2.0 to 2.2 ml of the appropriate SBG 
medium (with or without sulfa) single strength (1x) 
in Petri dishes. They were inverted and incubated for 
12 to 18 hr at 35 C in an atmosphere of saturated hu- 
midity. A covered water bath with a shelf for plates 
was used as an incubator. The filtration methods, dilu- 
tion water apparatus, incubation, and so forth, have 
been described (American Public Health Association, 
1955). 

Thirteen different serological group stock cultures 
of Salmonella were used in the first part of the study. 
The bacterial dilutions were made in sterile buffered 
dilution water as described. The number of Salmonella 
added to the water was estimated by a colony count on 
a membrane, using double strength tryptose broth. 
Other common enteric bacteria were also added in some 
experiments to demonstrate the selective action of the 
media for Salmonella. Recovery rates were calculated 
by using the colony count on tryptose broth as the total 
bacterial density. 

Natural water which had a standard plate count of 
69 colonies per ml with an MPN of 110 coliforms per 
100 ml was examined for Salmonella. These samples 
were also examined after addition of Salmonella ty- 
phimurium to the naturally polluted water. 

To stimulate growth of Salmonella species in natural 
fecal samples, normal Salmonella-free white mice were 
fed broth cultures of Salmonella by mouth until the 
strain of Salmonella which was fed appeared in the 


3 HA, white grid 047 mm Millipore filters were employed 
throughout this study. (Millipore Filter Corp., Watertown, 
Mass.) 


TABLE 1 


Selenite Brilliant Green Broth* 1X 2X 
Bacto-yeast extract 0.5 1.0 
Bacto-Peptone 0.5 1.0 
d-Mannitol, Difco 0.5 1.0 
Sodium taurocholate 0.1 0.2 
Dipotassium phosphate 0.265 0.53 
Monopotassium phosphate 0.102 0.204 
Sodium selenite : 0.4 0.8 
Bacto-Brilliant green 0.0005 0.001 
Distilled water 100 ml 100 ml 


* These formulas were kindly furnished by Difco Labora- 
tories, Detroit, Michigan. Control numbers 901524 and 901522. 





feces. Salmonella were isolated from the infected feces 
and suspensions made in dilution water as described 
above and recovery rates determined. Typical colonies 
which appeared to be Salmonella were confirmed by 
biochemical and serological procedures. 


RESULTS 


The recoveries of 13 serological groups of stock cul- 
tures of Salmonella as compared to other enteric micro- 
organisms are tabulated in table 2. It is shown that, with 
the exceptions of Salmonella typhosa and Salmonella 
paralyphi, the Salmonella grew quite well by MF pro- 
cedures and that LHscherichia coli and Alcaligenes 
faecalis were not observed. 

TABLE 2. Recovery of stock culture enteric organisms on the 
membrane filter using nutrient selenite brilliant green 
medium (1X) 


Serological Recovery | Recovery 


Group Species Mean | _ Range 
A Salmonella paratyphi 735 0 () 
paratyphi 736 0 0) 

B typhimurium 15 34-56 

schottmuelleri 57 55-58 

Cl montevideo 55 50-60 

bareilly 16 35-57 

C2 manhattan 37 29-45 

newport 39 37-41 

D enteritidis 6 1-7 
typhosa 0 0 

Da anatum 4 10-48 

meleagridis 32 28-50 

2 newington 57 53-61 

K3 senflenberg 17 13-21 

4 canoga 19) 38-60 

I rubislaw 69 53-84 

G cubana 32 26-38 

| gaminara 15 13-16 

hvittingfoss 23 22-24 

X urbana 69 67-71 
Escherichia coli 0 0 
Alcaligenes faecalis 0 0 


TABLE 3. Percentage of recovery of freshly isolated strains of 
Salmonella on selective media at 35 C 


Percentage of Recovery 


aes Selenite 
"2 ’ ee brilliant | M-bismuth 
Microorganisms : a “1x%) green sulfa) sulfite (2X 
green (1x) 
18 40 18 40 18 40) 
hr hr hr hr | hr hr 
Salmonella typhimurium 19 (17 26 | 28 | 0*| 1 
Salmonella typhimurium 38 |48 | 31 | 45 | 0 | 27 
Salmonella montevideo 42 46 39 | 40 | 0 | 27 
Salmonella schottmuelleri 34 |37 zai | 22.10 4.5 
Salmonella derby... .. .| 23 119 6 6 | 0 2.5 
Salmonella enteritidis . 5 | 7.5) 10} 11 | 0 | 12.5 


* 


0 = No growth of colonies at 18 hr. 
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The naturally polluted water sample had a predomi- 
nating coliform species, Escherichia freundi. It was 
found that 54 to 62 per cent of the Salmonella typhimu- 
rium added to this water were recovered on the mem- 
brane filter in the presence of the 10:1 competitive 
ratio of coliforms. There was no growth of the natural 
flora of the sample. All colonies picked from the mem- 
brane filter cultures were identified serologically as 
Group B Salmonella and agglutinated Salmonella 
polyvalent antisera (Hajna and Damon, 1950) in a 1 to 
900 dilution. Colonies of Salmonella on the membrane 
filter were 1 to 3 mm in diameter, dark orange, flat and 
smooth with entire edges after incubation for 12 to 
18 hr. 

Table 3 gives the comparative recovery of freshly iso- 
lated Salmonella on three selective media. Better recover- 
jes were attained on selenite brilliant green media, with 
and without added sulfapyridine, than on M-bismuth 
sulfite medium, which showed no growth of the Salmo- 
nella after incubation for 18 hr. 

DISCUSSION 

It has been the experience in our laboratory that the 
recovery rates of Salmonella on most commonly used 
selective media were relatively low. Recent investiga- 
tions using various formulations of SS medium (Sal- 
monella-Shigella medium) with the membrane filter 
procedures gave recovery rates of 10 per cent or less 
with most species of Salmonella and Shigella. 

The formulas (Osborne and Stokes, 1955) in single 
and double strength gave recovery rates of 4Q to 60 
per cent for most Salmonella in 16 to 18 hr incubation 
periods. However, it was found that in the isolation of 
Salmonella from natural sources it was necessary to use 
a preliminary enrichment procedure followed by filtra- 
tion of the dilution-enrichment mixture through the 
membrane filter. Common organisms which are inhib- 
ited by this procedure are species of Proteus, FE. coli, E. 


freundii, species of Paracolobactrum, species of Pseudo- 


monas, and various other coliform organisms. 

The results in table 3 show that the recovery on SBG 
and SBG sulfa media is relatively better than that on 
M-bismuth sulfite medium, and time is saved in the 
incubation period. Undoubtedly, the M-bismuth sulfite 
medium is better for the isolation of S. typhosa and S. 





paratyphi, with which we were unable to infect white 
mice by mouth. 

Prior to the feeding of broth cultures, the white mice 
employed in these experiments were screened for infec- 
tion with Salmonella. No Salmonella were isolated from 
any of the mice feces before the feedings. In the series 
of experiments in which Salmonella was isolated from 
mice feces 16 to 18 hr after feeding, all colonies picked 
from the Millipore filters gave positive agglutination of 
polyvalent Salmonella antisera in a 1 to 200 dilution, 
and appropriate “O” antigen group typing for the type 
employed in feeding on slide agglutination tests.4 Ap- 
propriate positive and negative controls were used in 
the serology tests. 


SUMMARY 


A new method for the more rapid isolation of mem- 
bers of the genus Salmonella is presented. The method 
employs a 4 to 6 hr preincubation of unknown sample 
in selenite brilliant green medium (2X) with and 
without sulfapyridine, filtration through membrane 
filter dises, incubation of the membrane filter dises on 
nutrient pads containing 2.0 to 2.2 ml of the selenite 
briliant green (1X) and selenite brilliant green sulfa 
(1X) for 16 to 18 hr at 35 C in a water saturated atmos- 
phere. Flat, dark orange colonies are transferred to ‘“H”’ 
broth and nutrient agar slopes for serology and identi- 
fication. 

Results are presented showing the per cent recovery 
of 13 smooth stock cultures of Salmonella on SBG; 
Salmonella typhimurium added to naturally polluted 
well water; and freshly isolated strains of Salmonella 
on three selective media. The procedure for isolating 
Salmonella from infected mouse feces is discussed. 


‘Dr. P. R. Edwards, Enteric Laboratories, P.H.S., Com- 
municable Disease Center, Chamblee, Georgia, kindly fur- 
nished the Salmonella antisera used. 
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In the course of our fermentation studies, it became 
important to investigate the optimal conditions for 
producing dense populations of bacteria. Serratia 
marcescens Was selected as the organism to be studied 
to facilitate the ease and accuracy of the many counts 
which would be required. There were two objectives. 
The first was to devise a medium and to select the other 
fermentation conditions which would support unusual 
numbers of highly pigmented viable cells. The second 
objective was to find means of consistently reproducing 
the optimal conditions and the high bacterial counts 
so that ample quantities of physiologically uniform 
cells would be available for evaluation of stabilizers, 
protectants, and other pertinent factors in an investi- 
gation of freeze-drying. Smith and Johnson (1954) em- 
ployed a synthetic medium in producing S. marcescens 
cells and showed the importance of aeration in cell 
production. 


MATERIALS AND METHODS 


The stock strain of Serratia marcescens employed in 
the present study was obtained from the Army Chemi- 
cal Corps, Fort Detrick, as their strain 8 UK, and is 
hereinafter designated as NRRL B-1481. Subcultures 
were stabilized essentially as recommended by that 
agency, but some modifications were made. The final 
technique employed was as follows: A freeze-dried cul- 
ture was rehydrated with diluent (formula 1) and 
streaked on agar plates (formula 2). After incubation 
at 28 C for 24 hr, 25 red colonies were picked from one 
plate and each colony was transferred to 25 ml of broth 
(formula 3) in a wide mouth 250-ml Erlenmeyer flask. 
The flasks were incubated on a reciprocal shaker for 
18 hr at 28 to 29 C. A small portion of the contents of 
each flask served as inoculum for each of a second series 
of 25 flasks, and so on through five series. All flasks 
were held at 8 C until the fifth serial transfer series 
had been incubated. Cells from flasks of the first. series, 
whose progeny in the fifth series were stable with respect 
to pigmentation and viable counts, were concentrated 

1 This work was supported by a contract with the Army 
Chemical Corps, Fort Detrick, Frederick, Maryland. 

2 Present address: The Upjohn Co., Kalamazoo, Michigan. 

3 Present address: Dept. of Chemical Engineering, Uni- 
versity of Minnesota, Minneapolis, Minnesota. 

One of the divisions of the Agricultural Research Service, 
United States Department of Agriculture. 
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and then freeze-dried in tubes. Each tube contained a 
loopful of cell concentrate in 0.1 to 0.15 ml of sterile 
bovine serum and served as the source of a single lyophil 
pellet. The tubes were stored in the cold as stable stock 
cultures for the preparation of inocula. 


Formula Ingredients Per Cent 

1 NaCl 0.5 
Tryptone (Difco)® 0.1 

28 Peptone (Difco) 0.5 
Glycerol 1.0 
Edamine (Sheffield)? 0.1 
NaCl 1.0 
Agar 2.5 
(Adjusted to pH 6.8-7.0) 

3 Tryptose (Difco) 2.0 
NaCl 0.5 
Glucose (commercial) 0.5 


Originally, aliquots of a whole culture, grown in 
formula 3 medium and refrigerated at 4 C, served as 
inoculum, but losses of viable cells with time limited 
their use to 30 days. Further studies revealed that whole 
cultures of strain B-1481 could be quickly frozen at 
—60 to —70 C and then held at —25 C for periods up 
to 3 months with no significant loss in viable count. 
Frozen whole cultures, held for 10 months and thawed, 
lost only 18 per cent of the original viable cell popula- 
tion. Consequently, inocula were prepared as follows: 
A lyophil pellet was used to inoculate 300 ml of the 
chosen production medium in 2.8-L 16-dented Fern- 
bach flasks, Corman ef al. (1957). The flasks were agi- 
tated on a reciprocal shaker for 20 hr at 28 C. Ifa 
culture was normal with respect to terminal pH, 
pigmentation, and microscopic appearance, 5-ml 
aliquots were quickly frozen in sterile tubes and stored 
at —25 C in screw capped metal cans. When new 
cultures were needed, the tubes were rapidly thawed 
and served as an excellent source of inoculum at the 

5 The mention of names of trade products does not imply 
endorsement of these by the Department of Agriculture over 
others of equal quality. 

6 Formula 2 was far superior to any other plating medium 
tested in producing excellent pigmentation and rapid growth 
of S. marcescens B-1481. 

7 Sheffield Farms Co., Inc., Norwich, New York. 
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rate of 1 ml per 500 ml of medium. Fermentations in 
flasks were conducted, at the least, in duplicate. 

Cell counts of propagations in liquid media were 
made as follows: A culture was diluted appropriately in 
saline tryptose broth by standard bacteriological tech- 
niques so that 0.3 ml of the final dilution contained 
between 30 and 300 viable cells. A 0.3-ml aliquot of the 
final dilution of the sample was pipetted onto each of 
nine “tempered” (dry surface) agar plates and im- 
mediately spread over the entire surface with a glass 
streaking tool. After incubation at 18 to 20 hr at 29 C, 
the red colonies were of sufficient size to be counted at 
twofold magnification with background illumination. 

Frosted glass plates were substituted in place of clear 
glass plates in the Quebec colony counters. The use of 
frosted glass serves to eliminate glare. The change is 
recommended to anyone who counts pigmented colonies 
of microorganisms. The average number of colonies and 
95 per cent confidence limits for each series of nine 
plates were determined and, after correction for extent 
of dilution, the viable cell count was expressed in bil- 
lions of cells per ml. The precision of the counting 
method was good because the average of all the 95 per 
cent confidence limits was +7.7 per cent. 

The reciprocal shaker, previously mentioned, made 
88 complete 3%¢-in. strokes per min. A rotary shaker, 
having an eccentric radius of 244 in. and normally op- 
erating at 200 rpm, was used in some experiments. 
Investigations were also conducted with 10-L cultures 
in the 20-L fermentors described by Dworschack ef al. 
(1954). The Fernbach flasks with 16 indentations were 
employed on the rotary shaker to produce highly 
aerated fermentation conditions. The closure for these 
flasks was made of three milk-filter dises wrapped in 
cheese cloth and tied over the flask mouth as described 
previously by Corman et al. (1957). 

The methods for carbohydrate and nitrogen analyses 
were as follows: glucose by the method of Somogyi 
(1945), total nitrogen by the micro-Kjeldahl procedure 
of Clark (1943), and ammonia nitrogen by the method 
of Nichols and Foote (1931). Oxygen absorption rate 
(OAR) was determined by a modification (Corman 
et al., 1957) of the procedure of Cooper ef al. (1944). 


_ OAR is defined as mm of oxygen absorbed per L of 


sulfite solution per minute. 
RESULTS 
Propagation in Shaken Flasks 


Cells propagated in the medium of Bunting ef al, 
(1949), containing 2 per cent peptone and 1 per cent 
glycerol, were deeply pigmented but the count never 
exceeded 6 billion cells per ml. A combination of 1 per 
cent glucose and 2 per cent tryptose increased the count 
to 18.5 billion cells per ml as shown in table 1. The 
further benefits of phosphate buffer and skim milk 
powder are also evident from the data presented. 
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Table 2 records the effects of other variations in the 
propagation medium under conditions favoring high 
OAR. At an OAR of 3, a medium containing 2 per cent 
glucose, 2 per cent tryptose, and 5 per cent skim milk 
powder produced 179 billion cells; whereas, at an OAR 
of 0.7, the same medium gave only 90 billion cells per 
ml (table 1). The ultimate choice was a medium com- 
posed of 5 per cent skim milk powder, 3 per cent pro- 
topeptone® (No. 343), and 2 per cent glucose, herein- 


8 Wilson and Co., Chicago, Illinois. 


TABLE 1. Value of combinations of glucose, tryptose, phosphate. 
and skim milk powder in promoting the growth of Serratia 
marcescens NRRL B-1481* 





Skim Viable Cell Count 
Glucose Tryptose i Milk pH at 20 hr and 95 Per Cent 


fer Powder Confidence Limits 

0% % ee o% - billion/ml 
1 2 7.35 18.5 + 1.2 
1 2 0.03 8.3 60 + 3.8 
1 0.03 5 7.4 77 + 2.9 
2 2 0.03 5 7.6 79 + 1.7 
2 2 5 7.85 90 + 4.3 
2 5 6.2 169 + 7.6 
5 8.2 43 + 1.6 


* Incubated in 300 ml of medium at 28 C and oxygen absorp- 
tion rate (OAR) of 0.7 in plain Fernbach flasks on reciprocal 
shaker and sampled after 20 hr. Initial pH, 7.3. 


TABLE 2. Effect of glucose and various nitrogen sources 
on growth of Serratia marcescens NRRL B-1481* 


Viable Cell Count 
pH at 20 hr and 95 Per Cent 
Powder Confidence Limits 


Skim 
Glucose /Tryptose ah a Milk 


9 


billion/ml 


ot | 


1 ] 5 7.6 109 + 17 
1 2 5 7.9 122 + 13 
2 1 5 ¢.2 156 + 15 
2 2 5 7.65 179 + 19 
2 ] 5 5.9 173 + 15 
2 2 5 6.35 218 + 14 
2 3 + 15 


5 7.0 233 
* Incubated in 300 ml of medium at 28 C and oxygen absorp- 

tion rate (OAR) of 3.0 in Fernbach flasks with 16 indentations. 

Sampled after 20 hr on a rotary shaker operated at 200 rpm. 


TaBLeE 3. Effect of oxygen absorption rate (OAR) on 
the population of Serratia marcescens NRRL 
B-1481 propagated in SPG medium* 


Viable Cell 


. —e Volume : Count and 
roe - task Culture/ Type Shaker | OART 4 95 Per Cent 
ype flask Confidence 
Limits 
ml billion/ml 
Plain. .... 500 Rotary 0.2 | 6.85 | 42 4+ 2.9 
| ig: re 500 Reciprocal | 0.7 | 7.5 | 125 + 4.3 
Modified... . 300 Rotary SO? 


0 | 212+ 13 


*SPG medium: skim milk solids, 5 per cent; protopeptone. 
3 per cent; and glucose, 2 per cent. Temperature, 28 C; initial 
pH, 7.0; and fermentation time 20 hr. 

+ mM of oxygen absorbed/L of sulfite solution/min. 
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after referred to as SPG medium. As further shown in 
table 3, the full potentialities of this medium could not 
have been realized without accelerated aeration and a 
greatly increased supply of oxygen for the rapidly mul- 
tiplying cells. 

Unusually high counts of strain B-1481 were obtained 
consistently with SPG medium in 16-dented Fernbach 
flasks on the rotary shaker. The average count of via- 
ble cells in one series of 14 trials, using as inocula four 
different lots of frozen whole culture liquor, was 194 
billion per ml. The lowest count was 172 billion per ml 
and the highest was 217 billion per ml. The changing 
pH in the fermentation cycle was reproducible, starting 
at pH 6.8 to 7.0, dropping to 5.2 to 5.5 at 6 hr with 
rapid utilization of the glucose present, and thereafter 
rising gradually to 7.0 to 7.5 at 20 to 22 hr. Some idea 
of the various phases of the fermentation, obtained 
during an early stage of the medium development 
studies, can be obtained from figure 1. 

Smith and Johnson (1954) noted a marked difference 
in the sizes of pigmented versus nonpigmented cells of 
S. marcescens. Our carefully stabilized stock cultures 
grown in SPG medium contained only highly pigmented 
cells. The average size of these pigmented cells decreased 
as the OAR was increased up to 3.0, the highest OAR 
tested. The results are shown in table 4. Stained smears 
prepared from surface colonies on agar plates showed 
that cells of strain B-1481 are rod-shaped, averaging 1.5 
to 2.0 uw in length by 1.04 in width. Cultivation in 
liquid medium produces coccobacilli at low and 
medium OAR and coccus forms, occurring mainly 
as diplococci, at the highest OAR. Some growth trials 
on the synthetic medium of Smith and Johnson were 
made, employing 300 ml of medium in 16-dented 
flasks. When cells previously grown in synthetic me- 
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Fic. 1. Progressive changes in fermentation of Serratia 
marcescens. Five hundred ml of medium containing 1 per cent 
glucose, 2 per cent tryptose, and phosphate buffer (0.03 m) 
was agitated in 2.8 L plain Fernbach flasks on the reciprocal 
shaker at an OAR (oxygen absorption rate) of 0.7. 
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dium were used as inocula, the size of the inoculum was 
not critical. However, when the cells were grown in 
SPG medium, the size of inoculum had to be decreased 
markedly to obtain comparable counts of viable cells, 
The results are shown in table 5. 

Inasmuch as S. marcescens readily utilizes a number 
of carbon sources besides glucose for growth, experi- 
ments were conducted with several compounds, mainly 
‘arbohydrates, at the same level employed for the glu- 
cose controls. The results are shown in table 6. Viable 
cell counts obtained with sucrose, maltose, mannitol, 
and glycerol were quite comparable to those obtained 
with glucose. There was little or no utilization of the 
added lactose, xylose, and soluble starch. 

Prior to making trials in the 20-L vat fermentors, a 
wide variety of antifoam agents were tested, alone, and 


TABLE 4. Effect of the oxygen absorption rate (OAR) 
on cell size of Serratia marcescens NRRL B-1481 
propagated in SPG medium for 18 hr at 29 C 


Viable Cell Calculated 


J mene Morphology and 
, count and Packed Count/M1 Approximate Size of 
OAR 95 Per Cent Cell Rarcan Cells by Mi "i 
Confidence Vol/MI* Celle . ie eo 
Limits ells servation 
billion/ml ml billion/ml 
0.13-0.20 | 27.14 3 t Coccobaeilli, 
0.5-1.5 pw, aver- 
aging 1.0 u 
0.70 89.34 7 0.140 630 Coccobacilli, 
averaging 0.854 
3.0 10 +12) 0.164 910 Cocecus forms, 


0.4-0.7 uw, aver- 
aging 0.6 p 


* 1.0 ml cell suspension spun down at 2,700 rpm for 30 min. 
+ Average size of 50 cells measured with calibrated ocular 
micrometer with oil immersion, X 970. Negative staining with 
2% aqueous solution of Congo Red. 
t Could not be accurately determined because milk solids 
were not completely utilized during growth and could not be 
separated from the cells. 


Tase 5. Effect of source and size of inoculum on counts of viable 
cells of Serratia marcescens NRRL B-1481 produced in 
synthetic medium of Smith and Johnson* 


No. of Viable Cells in \ eee oe 
a oy Ml Medium after 
i 18 hr at 28C 


Source of Inoculum 


billion/ml billion/ml 


Synthetic mediumt 0.2 -1.5 77-86 
SPG medium... 0.05-0.4 78-94 
SPG medium.......... on 1.0 55-61 
Ueee 2.0 37-42 


* Three hundred-ml lots of medium were shaken for 20 hr in 
16-dented Fernbach flasks on the rotary shaker at an OAR of 
3.0. 

) 


+ Medium composed of (NH4)2SO,, 2 per cent; glucose, 2 
per cent; sodium citrate, 2 per cent; and KH2POs,, 2 per cent. 

t Medium contains skim milk solids, 5 per cent; protopep- 
tone, 3 per cent; and glucose, 2 per cent. 
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in combination with Hodag KG-1,° employing the 16- 
dented flasks at an OAR of 3. The most interesting re- 
sults from the standpoint of high counts of viable cells 
were obtained with Hodag KG-1 and tributyl phos- 
phate (TBP) as shown in table 7, Although 0.25 per 
cent TBP was toxic to the growth of B-1481, the addi- 
tion of 0.75 per cent Hodag KG-1 seemed to counter- 
act the toxicity of the former and gave excellent counts 
of viable cells. Tributyl phosphate alone, however, could 
not be successfully employed in vat fermentors; levels 
approaching those which caused toxicity in flasks 
vielded orange-colored growths. 

’ The addition of Hodag KG-1 appeared to stimulate 


9 Hodag Co., Chicago, Illinois. 


TaBLE 6. Viable cell counts of Serratia marcescens NRRL B-1481 
grown in a medium containing 5 per cent skim milk solids and 
3 per cent protopeptone plus 2 per cent of various carbon com- 
pounds* 


Final pH after | Viable Cell Count and 
20 Hr 


‘, Ss r chm ogee = es 
Carbon Source 95% Confidence Limits 


billion/ml 


Glucose 6.9 197 + 20 
Sucrose 6.25 194 + 11 
Maltoset . . 5.7 176 + 16 
Mannitol 5.95 199 + 15 
Glycerol 6.4 195 + 22 
Lactose 4.3 89 + 3.1 
Xylose 4.2 924 2.5 
Soluble starch 8.0 88 + 3.2 
Control: without accessory 

carbon source 8.2 87 + 3.0 


* Three hundred-ml amounts of medium were shaken in in- 
dented Fernbach flasks on the rotary shaker for 20 hr at 28 C 
and OAR of 3. 

+ Cell color, en masse, is extremely dark-purplish red when 
grown in maltose medium. 


TaBLE 7. Effect of Hodag KG-1 and tributyl phosphate (TBP), 
alone or in combination, on the growth of Serratia marcescens 
in SPG medium* 


Viable Cell Count 
and 95 Per Cent 
Confidence Limits 


Per Cent Antifoam Added Pinel oi after 


billion/ml 


0.75 Hodag KG-1 6.3 226 + 14 
0.94 Hodag KG-1 6.2 197 + 23 
0.985 Hodag KG-1 5.9 208 + 9.0 
0.015 TBP 7.25 198 + 11 
0.06 TBP a3 225 + 20 
0.25 TBP 7.05 744 7.6 
0.25 TBP 6.4 253 + 21 


0.75 Hodag KG-1 
0.06 TBP. 
; > -& 262 . 

0.94 Hodag KG-1 j 99 262 + 16 
0.015 TBP 
: : 6.15 249+ 8.0 
0.985 Hodag KG-1 

* Three hundred ml of medium was fermented for 20 hr at 
28 C and OAR of 3. Indented Fernbach flasks and the rotary 
shaker were used. 


the growth of the test organism in shaken flasks, and a 
combination of 1 part of the former to 9 parts soybean 
oil was not toxic at the highest level tested, that is, 5 
per cent. Ordinarily not over one per cent was used. 
Propagation in 20-L Fermentors 

The effect of OAR on the propagation of S. marcescens 
in 20-L fermentors at 28 C is illustrated in table 8. 
Counts of viable cells were made at five other time in- 


TABLE 8. Effect of oxygen absorption rate (OAR) on the viable 
cell count of Serratia marcescens NRRL B-1481 propagated 
in 20-L vat fermentors 





— 
| OAR 
a see ——- pages 
| 0.5 | 1.0 | 2.0 4.0 
Fermenta- =e = See ee Ss 
tion | VM* 
Time | ee ee hei Ls See 
| 0.1 | 0.2 | 0.5 | 1.0 
| Viable cell count, billion/ml 
hr | | 


| | 

6 | 28.9 + 3.0) 38.1 + 3.3) 41.9 + 3.3t/ 40.14 23 
15 | 89 + 5.6/126 +16 {142 + 22+ |174 + 22 
oO 
7 





22 {126 +10 {184 + 20 {161 + 25¢ 159 + 18 
30 «(165 +4 14 (214 + 2.3189 +177 [154 + 15 





* VVM designates volume of air/volume of medium/minute. 

+ Average counts of duplicate trials; other values are the 
means of triplicate vat runs. 

Conditions in common: 

Ten L of SPG medium were fermented in each vat with Ho- 
dag KG-1 and soybean oil (1:9) as antifoam agents. 

A 5 per cent inoculum of 22-hr culture grown at OAR of 0.7 
in a plain Fernbach flask on the reciprocal shaker was used and 
the 0 hr counts in the vats averaged 3.9 billion/ml. 

The agitation was 350 rpm in the fermentors. 


TABLE 9. Effect of antifoam on counts of viable cells of 
Serratia marcescens propagated at OAR 1.0 in 20-L 
fermentors 


Fermentor A Fermentor B Fermentor C 


Initial antifoam 
mixture* 100 ml 50 ml 25 ml 





Hodag KG-1 added 
drop wise during 
fermentation . . 0 ml 26 ml 40 ml 


Sample time Viable cell counts 


hr | billion/ml | 

0 44+ 0.3 434 0.3 402 0.3 
6 17.74 2.5 23.94 4.5) 31.002 2.3 
9 57 + 2.4 55 + 2.5| 7 + 2.8 
12 87 + 6.8|105 + 6.9 | 121 + 8.0 
15 118 + 8.8| 140 + 3.8; 159 + 12 
23 144 +14 169 + 10 166 + 18 


* This mixture was made by adding 2 ml Hodag KG-1 per 
1 g Dow-Corning Antifoam A. (Dow-Corning Corp., Midland, 
Michigan). 

Conditions in common: 

Ten L of SPG medium were fermented in each vat. 

A 5 per cent inoculum of 22-hr culture grown at OAR of 0.7 
in a plain Fernbach flask on the reciprocal shaker was used and 
the 0 hr counts in the vats averaged 3.9 billion/ml. 

The agitation was 350 rpm in the fermentors. 
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tervals, but were not included in the condensed table. 
Although there is little difference between the 6-hr 
counts at the four different rates of oxygen absorption, 
the differences in the 15-hr counts are quite marked. 
At the highest aeration level, that is, at an OAR of 4, 
the cultures had reached their peak in 15 hr as shown by 
the 22- and 30-hr counts. The highest counts in the 
fermentors were consistently obtained at an OAR of 
1.0. 

Addition of antifoam agents to the catalyzed sulfite 
solutions which are used to determine OAR caused a 
precipitous drop in the OAR values. It would be of in- 
terest to know whether a similar drop in the OAR oc- 
curred when antifoam was added in an actual fermenta- 
tion. Chain et al. (1952) reported a benefical effect on 
the addition of antifoam agent to a culture liquor 
aerated in their Vortex aeration system. Data showing 
the effect of antifoam additions on viable cell counts of 
S. marcescens grown in 20-L fermentors are summarized 
in table 9. The superior counts in fermentors B and C 
over those in A at 12- and 15-hr emphasize the value of 
having low antifoam levels at the start, with addition 
of minimal amounts of antifoam, as required, during 
the course of the fermentation. 


Effect of Automatic pH Control 


It was desirable to study the effect of pH control on 
22-hr cell counts. Four 20-L stainless steel fermentors 
each equipped with automatic pH controller and re- 
corder were employed. They were operated at 28 C 
and an OAR of 1.0 with the SPG medium adjusted ini- 
tially to pH 7.3 before autoclaving. Propagation was 
allowed to proceed without pH adjustment in three 
fermentors until the pH in each fermentor dropped to 
4.9, 5.9, and 6.7, respectively, while the pH in the fourth 
fermentor was adjusted immediately after inoculation 
to 7.7. Sterile acid or alkali was then added automati- 
cally, as required, to maintain the desired pH values 
+0.1 pH unit for the remainder of the 22-hr fermentation 
period. Final cell counts, in billion per ml for the cul- 
tures with varying pH were: 4.9, 49.7 + 3.0; 5.9, 127 + 
10: 6.7, 201 + 15; 7.7, 189 + 22. This indicates that 
maintenance of cultures between pH 6.7 and 7.7 gave 
the highest counts of viable organisms. 

DiscussION 

The main objective of the present study has been 
attained, namely, to develop an improved medium 
composed of readily available materials together with 
information concerning fermentation conditions which 
would give consistently high reproducible counts of 
S. marcescens. For inoculum, the employment of frozen 
and thawed whole cultures was important in obtaining 
consistent results. Their use necessitates four serial 
transfers: from tube of thawed culture to flask, to small- 
scale fermentor, to seed tank, and to large fermentor. 


[VoL. 5 


The use of 5 ml samples was sufficient to inoculate four 
500-ml flasks and conserve the supply of stabilized, 
lyophilized stock culture. This process could be ad- 
vantageous in securing a better product, or more prod- 
uct, in fermentations wherein more than four transfers 
of the organism results in colonial variation and de- 
creased yield. 

The results of these studies offer further evidence of 
the importance of an adequate supply of oxygen, as 
well as other required nutrients, to obtain maximal 
cell yields of aerobic microorganisms. In the case of 
S. marcescens B-1481, the laboratory investigations 
were readily scaled up to 10-L volumes in 20-L fer- 
mentors. The information gained in the present study 
enabled us to prepare uniform cell concentrates for sub- 
sequent studies on a variety of chemicals as potential 
stabilizers in freeze-drying. 
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SUMMARY 


A very marked requirement for abundant aeration 
in the production of maximum counts of viable cells of 
Serratia marcescens was demonstrated. 

Counts of Serratia marcescens NRRL B-1481 ranging 
up to 260 billion cells per ml were obtained with a skim 
milk powder, protopeptone, glucose medium which was 
highly oxygenated and incubated at 28 C. 

Frozen and thawed whole cultures used as inocula 
gave reproducible fermentations. This technique should 
be of value in the propagation of other aerobic micro- 
organisms and should be of value, generally, in aerobic 
fermentations to insure a uniformly high yield of end 
product : 

Sucrose, maltose, mannitol, and glycerol as well as 
glucose supported good growth of strain Serratia mar- 
cescens B-1481. Added lactose, xylose, and soluble stareh 
were very poorly used, if at all, for growth. 

Maintenance of cultures between pH 6.7 to 7.7 in vat 
fermentors gave high counts of viable cells. 

Studies on the depressing effect of antifoam agents on 
the oxygen absorption rate indicate that minimal 
amounts of antifoam should be added to fermentors 
during fermentation. 
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Submerged, aerobic fermentation is used to produce 
avariety of substances, including antibiotics, enzymes, 
vitamins, and organic acids. In laboratory studies of 
these processes, aeration rates are often indirectly stated 
as the speed and stroke of a reciprocal shaker or the 
speed and radius of a rotary shaker. The extent of aera- 
tion in vat fermentors is sometimes specified in terms 
of volume of air supplied per volume of medium. A 
more quantitative measurement of aeration rate has 
been provided by the sulfite oxidation procedure of 
Cooper ef al. (1944). This method with certain modi- 
fications was employed in the present study of factors 
influencing the oxygen absorption rate in shaken flasks 
and 20-L fermentors. Oxygen absorption rate (OAR) is 
defined as millimoles of oxygen absorbed per liter of the 
solution per minute. 


MATERIALS AND METHODS 

In laboratory investigations, both regular and in- 
dented Erlenmeyer and Fernbach flasks were used. The 
indented flasks are described in the section dealing with 
effects of such modifications on OAR. Two reciprocal 
shakers were used, one making 88 complete 33¢ in. 
strokes per min; the other 2!4 in. strokes with speed 
varied as desired. In addition, two variable speed rotary 
shakers were used. One was a Gump’ sieve shaker that 

‘This work was supported by a contract with the Army 
Chemical Corps, Fort Detrick, Frederick, Maryland. 

* Present address: Dept. Chemical Engineering, University 
of Minnesota, Minneapolis, Minnesota. 

* Present address: The Upjohn Co., Kalamazoo, Michigan. 

‘One of the divisions of the Agricultural Research Service, 
United States Department of Agriculture. 

*The mention of names of trade products does not imply 
that they are endorsed by the Department of Agriculture over 
other products of similar quality. B. F. Gump Co., Chicago, 
Illinois. 


had been converted to a shaker for culture flasks and 
which moved the flasks in a circle of 2)4 in. radius. The 
second was a New Brunswick® shaker which moved 
the flasks in a circle of 1 in. radius. 

OAR investigations were made also with the 20-L 
stainless steel fermentors recently described by Dwor- 
schack et al. (1954). These have an interior diameter of 
8.75 in. Four 24-gauge stainless steel baffles 1.57 in. 
wide were spaced evenly on the inside of each fermentor. 
The four baffles, which extended the full height of the 
fermentor, were riveted to two 24-gauge stainless steel 
hoops so that the entire assembly could be easily in- 
serted or removed as desired. Two types of air spargers 
were used in this study: (a) an Aloxite’ porous stone 
sparger in an unbaffled fermentor, and (b) a stainless 
steel pipe with six holes each 5¢4 in. in diameter in a 
baffled unit. 

To determine OAR, the method of Cooper ef al. (1944) 
was modified as follows: duplicate 5-ml samples of 
sodium sulfite solution, containing 0.001 mM copper sul- 
fate as catalyst, are pipetted from the shaken flasks into 
1 by 10 in. test tubes containing a small pellet of dry 
ice. The CO, blankets the sample and thus prevents 
further oxidation. It also acts as an automatic stirrer 
during titration. Just prior to titration with iodine, two 
drops of starch indicator and another piece of dry ice 
are added. The pellet of dry ice added initially should 
be small so as to avoid partial freezing of the sample, 
which causes a fleeting end point in the titration. How- 
ever, if partial freezing does occur, warming the test 
tube in the palm of the hand melts the sample and the 

5 New Brunswick Scientifie Co., New Brunswick, New 
Jersey. 

7 Carborundum Co., Niagara Falls, New York. 
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titration can be completed to the permanent blue 
starch-iodine end point. 

Although Cooper ef al. (1944) varied the size of sam- 
ples from 5 to 100 ml ‘‘depending on the size of the 
tank” and also used approximately | N sulfite, we have 
found it advantageous to titrate a standard volume of 
sample, and to vary the concentrations of both the sul- 
fite and iodine solutions with the aeration conditions 
being investigated. The iodine solution is standardized 
daily against 0.1 N sodium thiosulfate. The initial nor- 
mality of the sulfite solution should be between 4 and 5 
times that of the iodine solution; that is, 20 to 24 ml 
of iodine should be required to titrate 5-ml sample of 
sulfite. Thus, by using a 25-ml burette, the oxygen ab- 
sorption of a number of samples taken at convenient 
time invervals can be determined before the sulfite in 
the flask or vat is completely oxidized. 

The oxygen absorption rate (OAR), expressed as mM 
oxygen absorbed per L per min, can be calculated from 
the following equation: 


ml titration difference X normality iodine soln 


4 


OAR = 


1,000 1 


5 min 


Significant titration differences between 5-ml samples 
taken at convenient time intervals are obtained by use 


40r 


120 |— 
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Fic. 1. Plot of oxygen absorption in an indented Fernbach 


flask. See table 3. 
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of iodine solution of appropriate normality. If a 4-m| 
titration difference is desired for 5-ml samples taken at 
10-min intervals while investigating an OAR of ap- 
proximately 3.0, substitution of these values in the equa- 
tion indicates that 0.15 N iodine should be used. How- 
ever, if aeration conditions are such that an OAR of 
0.3 is being investigated, 0.015 N iodine solution is more 
appropriate. The initial concentration of catalyzed go- 
dium sulfite in either case should be adjusted so that 5 
ml requires 20 to 24 ml of iodine for titration as pre- 
viously mentioned. 

Samples taken at varying time intervals indicated 
that initial OAR values were different from those ob- 
tained later. The variation may be caused by the time 
required for the system to attain equilibrium. Therefore, 
a sufficient number of samples must be taken over a pe- 
riod of time for a determination of oxygen absorption 
rate. A plot of cumulative mm oxygen absorbed. per 
I, (as ordinate) versus time in min (as abscissa) re- 
sults in points ona straight line whose slope is the OAR 
for the conditions under investigation (figure 1). 

The advantages of the above direct titration pro- 
cedure over the original method are: (a) reduction of 
possible manipulative errors, (b) prevention by CQ, of 
further oxidation of the sample, (¢) automatic stirring 
by COs during titration, (d) elimination of back titra- 
tion and (e) increased sensitivity of end point by titra- 
tion with iodine rather than by titration of excess iodine 
with thiosulfate (Blasdale, 1928). 


RESULTS AND DIscUSSION 
OAR in Laboratory Equipment 


Effect of flask size on OAR. The effect of flask size 
on the OAR of 100 ml of sulfite solution shaken on the 
Gump shaker at 200 rpm and on the reciprocal shaker 
was investigated with 300-, 500- and 1,000-ml Erlen- 
meyer flasks stoppered with cotton plugs. The data in 
table | show that the slight but steady increase in OAR, 
from 0.15 to 0.25 mm ef oxygen absorbed per L per min, 
is due to increase in size of the Erlenmeyer flask. Agi- 
tation on the reciprocal shaker making 88 complete 
33¢-in. strokes permin causes the solution in a 1-L Erlen- 
meyer flask to attain 3 times the OAR value of that 


TABLE 1. Effect of size of Erlenmeyer flask on 
on oxygen absorption rate (OAR) 


Oxygen Absorption Rate* 
: ¢ Volume of 
Capacity of Flask : : 
: Soretion Reciprocal 
shakert at 88 rpm 


Gump shaker at 
200 rpm 


ml ml 

300 100 0.15 0.16 
500 100 0.20 0.18 
1000 100 0.25 0.49 


* mm Oxygen absorbed/L/min. 
+ Stroke of 33¢ in. 
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noted for the solution in a 300-ml Erlenmeyer flask. 
The increased OAR from 0.16 to 0.49 is due to greater 
turbulence of liquid shaken in the larger flask on the 
reciprocal shaker. 

Because a wider range of OAR values was found for 
the reciprocal shaker than for the rotary shaker, a more 
detailed investigation was conducted of the OAR of 
sulfite solution in flasks on a reciprocal shaker. A re- 
ciprocal shaker with a 244 in. stroke and equipped with 
a variable speed drive was used to study the effect of 
shaker speed, flask size, and liquid volume on OAR. 
The closures for all flasks consisted of three Rapid-flo® 
(fiber bonded) dises, 615 in. in diameter. Wrapping the 
discs in a single thickness of cheese cloth, before tying 
them over the mouth of the flask, produces a uniform 
closure that can be autoclaved several times. Although 
this closure offers less resistance to air flow than con- 
ventional cotton plugs, it effectively prevented con- 
tamination of cultures incubated in shaken flasks for as 
long as 168 hr. 

The OAR values of varied volumes of sulfite solution 
in Erlenmeyer and Fernbach flasks, shaken at 80 and 
100 complete strokes per min, are shown in table 2. 
Variation in solution volumes in Erlenmeyer flasks sig- 
nificantly influences the OAR values. On the other hand, 
variation of the liquid volume in Fernbach flasks exerts 
very little effect. The data also indicate that the shaking 
speed has a marked effect upon OAR values in Erlen- 
meyer flasks but only a minor effect in Fernbach flasks. 
This difference in effective turbulence is likely due to 
relationship of diameter of shaken flasks to extent of 
displacement, or stroke, of the reciprocal shaker. Data, 
presented below, show that an analogous situation exists 
with rotary shakers where the relationship between 
flask diameter and eccentricity greatly influences OAR 
values. The type of data presented in table 2 has been 
used for scale-up of laboratory experiments. For exam- 


§Johnson and Johnson Company, New Brunswick, New 
Jersey. 


TABLE 2. Oxygen absorption rate (OAR) with 
reciprocal shaker* at 25 C 


Size and Type Flask Used at 80 and 100 Complete Strokes/Min 





Liquid 2,800-ml 1,000-ml 500-ml 300-ml 
Volume Fernbach Erlenmeyer Erlenmeyer Erlenmeyer 
80 100 80 100 80 100 80 100 
ml 
25 | 0.48 | 1.03 
50 0.78 | 1.50 | 0.42 | 0.96 | 0.25 | 0.58 
100 0.67 | 0.67 | 0.51 | 1.00 | 0.16 | 0.53 | 0.14 | 0.23 
200 0.62 | 0.63 | 0.22 | 0.78 | 0.08 | 0.19T 
300 «0.62 | 0.69 | 0.10 | 0.57t) 0.01 


500 0.58 | 0.72 | 0.06 
700 0.50 | 0.56 


* Stroke of 214 in. 


+ Flask closures became wet. 


ple, an OAR of 1.0 is obtained with 25, 50, and 100 ml 
of solution contained in 300-, 500- and 1000-ml Erlen- 
meyer flasks, respectively, all shaken at 100 strokes per 
min on this. particular shaker. 

The OAR under two “still culture” conditions was 
determined for comparative purposes. When the flasks 
were allowed to stand undisturbed, the OAR of 100 ml 
of sulfite solution in Fernbach flasks was 0.21 while the 
OAR of 50 ml of sulfite solution in 500-ml Erlenmeyer 
flasks was 0.04. 

Flask modification. A 500-m1 bottle with a square base 
was fitted with a cotton plug and used as a shaken flask 
in an effort to increase turbulence in solutions agitated 
on the Gump shaker set at 200 rpm. Under the condi- 
tions, the OAR of 100 ml of sulfite solution was 0.45 
while the OAR for 50 ml was 0.79. These values, sub- 
stantially higher than those reported in table 1, indi- 
cated that some modification in the shape of the shaken 
flask was desirable for attainment of high OAR on a 
rotary shaker. 

Dale et al. (1953) increased the OAR of media in 1-L 
Florence flasks, agitated on a rotary shaker, by means 
of numerous indentations in the flasks. The data in ta- 
ble 3 show that the addition at random of 72 indenta- 
tions in the base of a Fernbach flask accounted for the 
increase in OAR from 0.2 to 3.5. Both the plain and the 
indented flasks were equipped with the filter dise clo- 
sure. 

Although highly aerobic conditions were obtained 
by use of this indented Fernbach flask on the Gump 
shaker, the flask was difficult to make. Observation of 
the action of the liquid, when the flask was shaken on 
the Gump shaker, indicated that the peripheral indenta- 
tions near the base of the flask were primarily responsi- 
ble for turbulence. Another Fernbach flask was then 
modified by means of 16 vertical indentations 114 in. 
high and 14 in. deep, evenly spaced about the base 
(figure 2). As noted in table 3, an OAR of 3.0 was at- 
tained with 300 ml of sulfite solution in this flask. Con- 
sequently, a number of the Fernbach flasks with 16 in- 
dentations were made and are used routinely. Chain 
and Gualandi (1954) also increased the OAR of liquids 
in round bottom as well as Erlenmeyer flasks, shaken 
on a rotary shaker, by fusing a baffle inside the flask. 

A wide mouth, 500-ml Erlenmeyer flask was similarly 
modified but with only 6 vertical indentations (figure 


TABLE 3. Effect of modification of flask 
on oxygen absorption rate (OAR) 


Type of Flask Volume of OAR with Gump 


Solution Shaker at 200 Rpm 
ml = 
Nonmodified Fernbach...... 300 0.2 
Fernbach with 16 indentations 300 3.0 


Fernbach with 72 indentations 300 es 
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2). When only 25 ml of liquid was used in this flask on 
the Gump shaker at 200 rpm, turbulence was so violent 
that the closure became wet. The excessive turbulence 
was due primarily, as will be discussed later, to use of 
the modified flask of small diameter in conjunction with 
a shaker having relatively large eccentricity. 

Flask closure. When highly aerobic conditions were 
first attained on the Gump shaker by use of an open 
Kernbach flask with 72 indentations, it was thought 
that the type of closure might be limiting the air sup- 
ply. Verification of this suspicion is shown in table 4 in 
which the OAR value for the flask with the filter dise 
closure is compared to that of the flask without any 
closure. However, it will be noted that the use of the 
filter disc closure results in an OAR that is more than 
twice the value obtained with the cotton plug closure. 
This advantage, in addition to those previously men- 
tioned, has made the three-filter dise closure most de- 
sirable, especially for the attainment of highly aerobic 
conditions in shaken flasks. 

Relationship of flask size and eccentricity of shaker. 
As noted above, agitation of 25 ml of solution in the 
modified 500-ml Erlenmeyer flask on the Gump shaker 
at 200 rpm resulted in wetting of the closure due to 
excessive turbulence. However, this wetting does not 
occur on the New Brunswick shaker at 200 rpm, which 
suggested that under comparable conditions OAR val- 





Fig. 2. Fernbach flask with 16 indentations and 590-ml 
Erlenmeyer flask with 6 indentations. 


TaBLE 4. Effect of type of closure on oxygen absorption rate 
(OAR) using Fernbach flask with 72 indentations 
| OAR with 


Type Flask Volume of | Gump Shaker 


Type Closure 


Solution | at 200 Rpm 
ml 

Fernbach with 72 in- 

dentations 300 Open 5.1 
Fernbach with 72 in- 

dentations 300 3 filter dises 3.5 
Fernbach with 72 in- 

dentations 300 Cotton plug 1.6 


5 
ues achieved with the Gump shaker might be higher 
than those obtained with the New Brunswick shaker, 
Accordingly, comparison was made of OAR values ob- 
tained with two flasks of different size on the same 
shaker, and also, the same sized flasks on the two dif- 
ferent shakers operated at the same rpm. Wide mouth 
500-ml Erlenmeyer flasks with 6 indentations and Fern- 
bach flasks with 16 indentations were both employed 
with the New Brunswick shaker. Other variables, in- 
cluding liquid volume, filter disc closure, rpm, and ee- 
centricity of shaker, were kept constant. The increase 
in flask size decreased the OAR from 7.7 to 1.3 (table 
5). Modified Fernbach flasks were then tried on both 
the New Brunswick and Gump shakers to demonstrate 
the effect of eecentricity on OAR. Other variables were 
once more held constant so that the increase in OAR 
from 1.3 to 5.2 is due to difference in eccentricity of the 
shakers (table 5). 

The data in table 5 thus indicate that highly aerobic 
conditions can be attained with a rotary shaker by 
taking advantage of the eccentricity of shaker and ra- 
dius of modified shaken flask, as well as shaker speed. 
Turbulence obviously depends on the ratio of the ee- 
centricity of the shaker to the radius of the shaken flask: 

Kecentricity, (1) 


Flask Radius, (FR) ; 


which is analogous to the term, “percentage baffling” 
encountered in using stationary fermentors. Because 
the diameter of the base of a Fernbach flask is 8 in., 
the ratio, £: FR is 1:4 or 0.25 when the New Brunswick 
shaker is used, and 2.25:4 or 0.56 when the Gump 
shaker is employed. This substantial increase in ratio, 
because of increased eccentricity, accounts for the sig- 
nificantly greater turbulence and the resultant four- 
fold increase in OAR from 1.3 to 5.2. When a modified, 
wide mouth, 500-ml Erlenmeyer flask having a 3! in. 
diameter base is used in conjunction with the New 
Brunswick shaker, the E:FR ratio is 1:1.75, or 0.57. 
Thus a high OAR should be expected, and a value of 
7.7 was attained. The excessive turbulence of liquid 


TaBLe 5. Effect of size of modified flask and of eccentric 
throw on oxygen absorption rate (OAR) 


Volume of Type Flask* 


Sulfite Solution Eccentric Throw | Rpm OAR 

ml 

25 ME 1 in. (New| 292 HS | 
Brunswick | 
shaker) 

25 MF 1 in. (New| 292 1.3 
Brunswick 
shaker) 

25 MF 214 in. (Gump 292 5.2 
shaker) 


* ME = modified 500-ml Erlenmeyer flask; MF = modified 
2,800-ml Fernbach flask. 
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rer which caused the closure of the modified, wide mouth, which are graphically depicted in figure 3, readily show 
er. 300-ml Erlenmeyer flask to become wet, when the flask the greater increase in efficiency of the pipe sparger and 
»b- was agitated on the Gump shaker at 200 rpm, was like- baffle system with increased agitator speed. By use of 
me wise caused by the large E: FR ratio. baffles, excellent air dispersion is attained at the ad- 
lif. mittedly high speed of 550 rpm. Thus, at air supply 
ith OAR in Pilot Plant Equipment rates of 1.0, 0.5, and 0.25 VVM, 65, 86, and 98 per cent, 
Tm- Introduction of fine air bubbles versus air dispersion ‘ a — “a 
: ra ; fhe ae : TABLE 7. Per cent utilization oxygen supplied i 
ved with baffles. The OAR of media in fermentors is de- ; salient “ 
: : : : , é : é 20-L fermentors 
In- yendent on several factors including the size of the air = SE ———______——_ — 
Cc- bubbles entering the liquid, that is, on the dispersion Agate. Bom 
ane of air in the liquid. The two different systems of aera- He ies o | 10 =| 20 | 300 | 350 
ble tion With agitation described previously were compared. eee’ | Supplied OT eee Se 
; . . ° fiat ‘ ype of Sparger 
oth Ten L of sodium sulfite having appropriate normality —————_—_——_ SS 
wn hig ‘ S s pPis|p|s|pl|pe 
ate and containing 0.001 mM copper sulfate was used in each ; secant 
vere test run. VVMt ma /L/min % Te % |%|%|%| %| % 
; , ; 5 , ‘ Or ‘ F 719 ( ce | ¢ 
AR Inspection of the data in table 6, obtained from ex- 0.25 2.04 ls ie ; ‘ 20 19 | 54 | 98 
din PG LOANED LL SELL 0.5 4.09 3 | 6 | 1 | 10| 16| 20| 39 | 86 
periments on 20-I, fermentors equipped with two types 1.0 8.18 417 1/12! 9/17) 22) 68 
of spargers, indicates that increased agitator speed 2.0 16.36 5 | 7 | 1 | 12| 5} 17) 15] 44 
bic causes an increased OAR in both systems at all air — Snr RRR RRR REREE REED 
» hy , , Retires nar 7 affles: P = ni snar : 
by flow rates investigated. It should be noted, however, S = Stone sparger without baffles; P = pipe sparger plus 
| ra that the relative rate of increase of OAR, with increased a. . . . 
im palpi s ‘ vad i + Volume of air/volume of medium/min. 
eed. agitation, is much greater for the pipe sparger with 
daca bafes than for the porous stone without baffles. When 100;— 
ask: agitator speed was held at 300 rpm, and aeration rates Pipe Sporger + Boffles 
were varied between 0.25 to 1.0 volume of air per vol- adi deiaee 
ume of medium per min (VVM), OAR values of the oo} Pipe Sparg er+ Boffles 
ing” bafled system exceeded those of the porous stone 0.5 VVM Air Flow Ny 
s arger system with baffles. The advantage « : 
an arger systen out baffles. The advantage of the a 
5 pipe sparger and baffle system over the stone sparger 80;— 1.0 VVM Air Flow 
wink alone, which requires higher air pressure to overcome + 
| the greater resistance to air flow, is obvious. So | asefinstneynlilacmganaes ma, 
ump . gy "ie 2 2.0 VVM Air Flow , \ 
oie Assuming there is 20 per cent oxygen in air, then at aq 10/— 
; ie 25 C and 760 mm pressure, 8.18 mM QOsz is supplied per a a -, 
Fie L of solution per min when the air flow rate is 1 L of z * 
fed air per L, of liquid per min. On this basis, the OAR = 6or— 
ve values in table 6 have been recalculated and expressed = 
2 mn. , ‘ <i ; 3. x 
ion in table 7 as percentage of oxygen utilized in each case. nat x 
. ose . > . \ 
0.37 Percentage utilization of oxygen supplied by the stone _— ¥ 
an ak sparger system without baffles is practically independent N a 
. . . . . a \ O 
liquid of the air flow rate at each rpm investigated. For this F 4 
reason, the per cent oxygen utilization at all four air ———— 
dots flow rates has been averaged at each rpm for the stone fr 
sparger system without baffles. The data in table 7, a 
a2 30+— 
OAR TaBLE 6. Oxygen absorption rate (OAR) in 20-L fermentors 
| Agitator Speed, Rpm 'e 
rai Air Flow | ] oad 4 
Un VvM* | 0 | 100 200 | 300 550 
j | , » 
|} st {pt} s|p}]s|p}]s|pPpt{s|p 
1.3 0.25 | 0.08 Pee ee pe 10 H— 
25 | 0.08 0.11) 0.03) 0.15, 0.41) 0.39) 1.1] — | 2.0 Stone Sparger, No Boffles 
0.5 0.14 ().23) 0.06) 0.40) 0.65) 0.82) 1.6) — | 3.5 q O Averoge For Air Flows, 
a 10 | 0.34 0.54} 0.10) 0.95} 0.70) 1.40] 1.8} — | 5.3 one ay ncaa | 
oe 2.0 0.89 1.19] 0.14] 1.96) 0.83) 2.70] 2.5) — | 7.2 Oo | 
- | u 0 100 200 300 400 500 600 
difed * Volume of air/volume of medium/min. RPM OF AGITATOR 
i ‘ ° Vers . ° ° 
an Stone sparger without baffles. Fig. 3. Efficiency of baffling and of different sparging sys- 
t Pipe sparger plus baffles. tems at various air flows. 
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respectively, of the supplied oxygen are actually used 
to oxidize the sulfite solution. 

Effect of antifoam on OAR. The effect of various anti- 
foams in the fermentors was also investigated. Aeration 
conditions were adjusted so that an OAR of 3.4 was 
attained in 10 L of catalyzed sulfite solution in the fer- 
mentor. Addition of 2 ml of Hodag KG-1° antifoam 
to the fermentor caused the OAR value to drop to 0.4. 
Other antifoam agents including octadecanol in alcohol 
and Dow Corning DCA” antifoam had a similar de- 
pressing effect. A similar effect has been reported by 
Deindoerfer and Gaden (1955). They used 3 per cent 
Alkaterge C™ in lard oil as the antifoam agent. Such 
data indicate the desirability of keeping antifoam addi- 
tion to a minimum, or eliminating the use of antifoam 
agents by mechanical defoaming devices. Inasmuch as 
certain media tend to foam more than others, it may be 
possible to manipulate the composition of the medium 
to diminish foaming. 
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SUMMARY 


An improved procedure for oxygen absorption rate 
(OAR) determinations is presented. 

A rather wide range of useful OAR values can be at- 
tained by judicious selection of fluid volumes and sizes 
of culture flasks agitated on a reciprocal shaker. 

® Hodag Co., Chicago, Illinois. 

0° Dow-Corning Corporation, Midland, Michigan. 

1! Commercial Solvents Corporation, Terre Haute, Indiana. 
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Vertical indentations spaced evenly about the base of 
culture flasks shaken on rotary shakers increase OAR 
values. 

The relationship between size of modified flasks and 
eccentricity of a rotary shaker must be considered for 
achievement of a desired OAR. 

The type of flask closure has a significant effect. on 
OAR. A simple, uniform type of closure with less re- 
sistance to air flow than offered by a cotton plug is 
described. 

Installation of baffles in a fermentor improves the 
utilization of the air supplied, especially at low aera- 
tion rates. 

Antifoam agents markedly depress oxygen absorp- 
tion by liquids. Therefore, to maintain highly aerobic 
conditions during a fermentation, a minimum amount 
of antifoam should be added. 
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Several workers have reported on the microbial flora 
ef spoiled chicken meat. Lochhead and Landerkin 
(1935), Ayers ef al. (1950), Gunderson ef al. (1947) 
identified to genus the microorganisms contributing to 
spoilage of untreated chicken meat. 

Very few studies seem to have been made on the mi- 
erobial flora of spoiled chlortetracycline treated chicken 
meat. Ziegler and Stadelman (1955) reported that yeasts 
having the shape and budding characteristics of the 
family Saccharomycetaceae and gram negative rods 
formed the predominant flora of spoiled chicken meat, 
pretreated with chlortetracycline. Tarr et al. (1952) ob- 
served a predominance of yeasts on spoiled chlortetra- 
eyeline treated fish. 

Various experiments conducted in this laboratory 
with chlortetracycline treated chicken meat have shown 
that the microflora consists primarily of gram negative 
rods, yeasts, and molds at the time of maximum spoil- 
age, 20 days. It was further noted in these experiments 
that the concentration of the chlortetracycline used and 
the conditions of meat storage influenced the over-all 
predominance of bacteria or of yeasts and molds. 

Information is lacking regarding the indentity of these 
yeasts and molds associated with spoilage in chlortet- 
racycline poultry meat. This information 
should be of special interest because the use of chlor- 


treated 


tetracycline to preserve poultry meat has been approved 
by the Food and Drug Administration. Further at- 
tempts are being made to improve upon the results 
obtained with it. 

This study was undertaken to isolate and identify 
the fungal flora of spoiled chlortetracycline treated 
chicken meat. 


EXPERIMENTAL METHODS 

Five chicken fryers treated with chlortetracycline 
ind three controls were used in this study. The fryers 
Were from separate replications conducted at different 
times. The chickens were previously dressed in the col- 
lege poultry plant using a mechanical scalder and_pick- 
ing machine. The birds were scalded in 140 F (60 C) 
water for 40 sec, warm eviscerated, cut into halves, and 
. ‘Presented at Annual Meeting of Northwest Branch of the 
Society of American Bacteriologists, Bozeman, Montana, 1956. 

* Scientific Paper No. 1596, Washington Agricultural Experi- 
hent Station, Pullman, Washington. Project No. 1076. 


cooled in ice water for 2 hr. These halves were immersed 
in a solution containing 20 ppm chlortetracycline hy- 
drochloride for 10 min and drained. The halves were 
prepared for storage by placing them on paper-board 
trays and packing in polyethylene bags. These packages 
were then stored in a mechanical refrigerator at 34 to 
36 F (1.1 to 2.2 C). Spoilage observations were made 
daily after the sixth day of storage. The presence of 
slime and spoilage odor were used as indications of 
spoilage. 

Spoiled half chickens weighing approximately 500 g 
were dipped in 500 ml of sterile distilled water 10 times 
(using an up an down movement), soaked for 10 min, 
dipped an additional 10 times, and then discarded. This 
rinsing was considered to be a 1:1 ratio, as the number 
of organisms per ml of rinse water was approximately 
equivalent to the number of organisms per gram of car- 
cass on a total weight basis. 

Serial dilutions to 1/10, 1/100, and 1/1,000 were 
made of the rinse water. One ml of each dilution was 
plated in duplicate on peptone beef extract glucose tar- 
taric acid agar (Skinner ef al. 1947), and incubated at 
25 C for approximately 40 hr. Because scanty growth 
was observed at this time, the plates were incubated 
for an additional 72 hr, after which isolations were 
made. 

RESULTS AND DIscuUSSION 

Kxamination of the plates showed abundant yeast 
growth. Pure cultures were obtained by successive 
plating on the peptone beef extract glucose tartaric acid 
agar. The tartaric acid was added to reduce the bac- 
terial contamination, inasmuch as most bacteria fail to 
grow at the pH range of 3.8 to 4.0 obtained by this 
technique. Lodder and van Rij’s (1952) criteria for 
identification of yeasts were followed. 

A high proportion of the yeasts isolated were in the 
family Saccharomycetaceae. This finding agrees with the 
previous observation of Ziegler and Stadelman (1955). 
The types and average number of viable cells per gram 
of carcass isolated and identified from the treated car- 
‘asses were: Saccharomyces cerevisiae (800), Saccharo- 
myces dairensis (560), Rhodotorula minuta (375), Geo- 
trichum candidum (340), Torulopsis holmii (300), 
Candida parapsilosis (240), Torulopsis globosa (180), 
and Candida guilliermondii (175). Those isolated and 
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identified from untreated control carcasses were: Rhodo- 
torula minuta (600), Geotrichum candidum (410), and 
Torulopsis albida (165). 

The numbers and types of viable cells given may not 
represent the actual total numbers of the yeast types on 
the chicken meat. Lack of precision is inherent in the 
dilution-extinction method for enumerating organisms. 
Variable factors include the lethal treatment to which 
the yeasts were subjected during washing, and the 
possibility of not washing off all the yeast types from 
the chicken. 

Table 1 shows the distribution of yeasts and molds 
isolated from untreated chicken carcasses and from 
chlortetracycline treated carcasses. Apparently, in- 
hibition of bacteria through treatment with chlortet- 
‘acycline favors the growth of certain yeasts and molds. 

Although the genus Candida is a very common or- 
ganism, the isolation of Candida parapsilosis from 
spoiled antibiotic treated chicken is of interest. This will 
seem to be the first record of its isolation, quantita- 
tively, from chicken meat. This organism was isolated 
from three of the five chickens tested. None were iso- 
lated from untreated control chickens. Candida parapsi- 
losis may be of some public health significance. Lodder 
and van Rij gave an excellent description of this yeast. 
They observed that ‘‘of the 27 strains, 22 are most 
probably of human origin. It is striking that many 
strains were isolated from diseases of nails and skin.” 
Skinner (1947) in a review of the literature up to 1947 
reports five cases of mycotic endocarditis, from four of 
which Candida parapsilosis was isolated from the blood 
stream. 

Authorities differ as to the pathogenicity of this 


TABLE 1. Distribution of yeasts and molds isolated from 
chlortetracycline treated and untreated chicken carcasses 


Chicken Carcasses Where Found 


Organism 
Treated Untreated Both 
Yeasts 
Saccharomyces cerevisiae = 
Saccharomyces dairensis . . aa _ 
Torulopsis albida - a 
Torulopsis holmii. ad a 
Geotrichum candidum + + + 
Rhodotorula minuta. . + “+ + 
Candida guilliermondii - - 
Candida parapsilosis. . + — 
Molds 

Penicillium + - 
Cladosporium + _ 
Trichoderma + _ 
Rhizopus nigricans + = so 
Torula nigra = a 
Mucor + 
Aspergillus a + 
Alternaria + 


[voL, 5 


yeast. All agree that infections are rare. However, it 
might be advisable to exercise precautions in handling 
and disposing of spoiled chicken meat. It would seem 
advisable to alert processors to the need for meticulous 
plant sanitation to eliminate a possible hazard to work. 
ers from a build up of Candida parapsilosis on plant 
equipment, especially if bacterial inhibitors are used 
for chicken meat. preservation. 

Realizing that Candida parapsilosis is a potential 
pathogen, a culture was forwarded to the U.S. Public 
Health Service Communicable Disease Center, Atlanta, 
Georgia, for confirmation. This laboratory confirmed the 
identification. 

Certain molds were also isolated from the test chicken 
meat. Cladosporium, Mucor, Penicillium, Rhizopus 
nigricans, Torula nigra, and Trichoderma were identi- 
fied. Molds isolated and identified from untreated con- 
trol chicken meat were Alternaria, Aspergillus, Mweor, 
and Rhizopus. The morphological characteristics of 
molds given by Skinner et al. (1947) were followed in 
identifying these molds. 
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SUMMARY 


The fungal flora of spoiled chlortetracycline treated 
chicken fryers was studied. The yeasts isolated from 
treated meat by quantitative methods (viable cells per 
gram of carcass) were Saccharomyces cerevisiae (800), 
Rhodotorula —minuta 
(375), Geotrichum candidum (340), Torulopsis holmii 
(300), Candida parapsilosis (240), Torulopsis globosa 
(180), and Candida guilliermondii (175). Those from 
untreated controls were Rhodotorula minuta (600), 
Geotrichum candidum (410), and Torulopsis albida (165). 


Saccharomyces dairensis (560), 


The molds isolated from treated meat were Clado- 


sporium, Mucor, Penicillium, Rhizopus nigricans, 
Torula nigra, and Trichoderma. Those isolated from 
controls were Alternaria, Aspergillus, Mucor, and Rhizo- 
pus. 

The potential pathogenicity of Candida parapsilosis 
and the advisability of precautionary measures were 


discussed. 
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Although much information is available on the com- 
parative efficiencies of various samplers for sampling 
air-borne vegetative cells of microorganisms, a search 
of the literature failed to reveal many instances where 
sampling had been carried out for periods of more than 
20 min. In certain research organizations, hospitals, and 
industries, it is advantageous to monitor air systems 
for much longer periods of time with a minimum of 
personnel and equipment being employed. 


MATERIALS AND METHODS 
Utilizing the slit sampler developed by Decker and 
Wilson (1954), studies have been conducted on several 
critical factors affecting the efficiency of air sampling 
when vegetative cells of microorganisms are collected 
for extended periods of time. In these studies, Serratia 
marcescens Was used as the test organism and collection 





Fig. 1. Slit sampler showing agar plate 


times up to 12 hr were investigated. This sampler is 
shown in figure 1. The principle of operation is based on 
the passage of air by means of a vacuum source through 
the slit opening in the top of the sampler at the rate of 
1 cu ft per min. The organisms in the air are impinged 
on the agar plate, which is rotated by means of a timer 
mechanism located in the base of the sampler. In these 
samplers, 1-, 2-, 5.5-, and 12-hr timers were used. For 
example, the plate in a 2-hr sampler makes one complete 
revolution in 2 hr, and, likewise, the plate in a 12-hr 
sampler makes one complete revolution in 12 hr. 

The samplers were operated side by side so that di- 
rect comparisons of results utilizing the various timers 
could be made. The organisms were collected on Wil- 
son’s peptone agar in the 150 by 20 mm culture plates 





Fig. 2. Aerosol chamber 
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incorporated in the samplers, and were incubated at 
37 C for 24 hr before counting. 

The organisms were aerosolized in a 1,500-L plexiglas 
chamber at a temperature of 20 to 25 C and relative 
humidity of 40 to 50 per cent. A dynamic aerosol was 
maintained by atomizing a suspension of S. marcescens 
with a Darby! nebulizer. Eighty per cent of the particles 
produced were less than 2 u in size. The test chamber is 
shown in figure 2. 

The factors involved in prolonged sampling periods 
which were investigated in this study were (1) the ef- 
fect of evaporation of moisture from the agar medium, 
(2) the effect of varying the concentration of agar in 
the nutrient medium (3, 1.5, 1.0, 0.8 and 0.5 per cent 
agar was used), (3) the effect of addition of certain 
chemical compounds to the medium in an attempt to 
inhibit spreading of the organisms on the surface, and 
(4) the actual viability of the organisms on the 1-, 2-, 
5.5-, and 12-hr sampler plates. 

RESULTS 

Preliminary tests in which Wilson’s peptone medium 
containing 3 per cent agar was used (which is the con- 
centration used in Wilson’s peptone at Fort Detrick) 
showed that cracking of the agar sometimes occurs 
after prolonged sampling, and also that a dry, tough 
surface results. Consequently, studies were performed 
to investigate the effects produced when lower concen- 
trations of agar are used in the same medium. When a 
concentration of 1.5 per cent is used, the medium re- 
mains in better physical condition and gives higher re- 
coveries (figure 3). However, a concentration of 1 per 
cent or less agar results in spreading of the test or- 
ganism. 

Attempts to prevent spreading, by the addition of 
one one-hundredth per cent and one-tenth per cent of 
the silicone compounds Dow-Corning Antifoam A? and 
1 Vaponefrin Co., Upper Darby, Pennsylvania. 

2? Dow-Corning Corp., Midland, Michigan. 


We 5% Acar 
3.0% AGAR 


40> 
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HOURLY % RECOVERY USING 
A ONE-HOUR SAMPLER AS UNITY 


20+ 














L 


2 HR. 5 72 HR. 12 HR. 





| HL. 


INTERVAL TIMER IN SAMPLER USED 


Fic. 3. Recovery of Serratia marcescens at end of 1 hr using 
1.5 per cent and 3.0 per cent agar for collection with various 


timers in slit samplers. 


GE 60 antifoam,’ and 10 per cent glycerol added sepa- 
rately to 1 per cent agar were employed. None of these 
compounds decrease spreading of the colonies. 

The results of 1-hr tests on 1.5 and 3 per cent agar 
using 1-, 2-, 5.5- and 12-hr clock samplers are shown in 
figure 3. These are hourly per cent recoveries of the 
various samplers, using a 1-hr sampler as unity. In 
these tests, the samplers collected S. marcescens for | 
hr. The 2-, 5.5-, and 12-hr samplers then sampled sterile 
50 per cent-humidified air for the remainder of one com- 
plete revolution. For example, the 12-hr sampler sam- 
pled S. marcescens for 1 hr and then was aerated for 1] 
more hr. It can be seen that when a 1-hr sampler is used 
there is no difference in recovery between 1.5 and 3.0 
per cent agar. However, with all other samplers, 1.5 per 
cent agar permits greater recovery. With a 2-hr sam- 
pler, the hourly per cent recovery is 81.4 per cent for 
1.5 per cent agar, and 53.0 per cent for 3 per cent agar, 
based on a 1l-hr sampler as unity. Using a 5.5-hr sam- 
pler, the hourly recovery is 39.3 per cent for 1.5 per 
cent agar, and 21.5 per cent for 3 per cent agar. When a 
12-hr sampler is used, the hourly recovery is 15.5 per 
cent for 1.5 per cent agar, and 9.8 per cent for 3 per 
cent agar. These data show that the hourly per cent 
recovery decreases as the revolutions per hr decrease. 
This is probably due to the increase in the total volume 
of air passing over equal areas of agar. 

Experiments further indicate that once organisms are 
collected on the agar surface continued sampling on the 
remainder of the plate has little effect on those already 
collected. This was shown by allowing two 5.5-hr sam- 
plers to sample S. marcescens for 1 hr, after which 
one plate was removed and incubated. The second sam- 
pler sampled sterile 50 per cent-humidified air for 4 more 
hr. The resulting 1-hr counts are not appreciably differ- 
ent. This is illustrated in table 1. Another series of tests 
were made in which the plate in a 5.5-hr sampler sam- 
pled sterile air for 4 hr prior to sampling S. marcescens 
for 1 hr. The same per cent recovery is obtained as 

’ General Electric Corp., Silicone Products Dept., Water- 
ford, N.Y. 


TaB_e 1. The effect of aeration on sampling of Serratia 
marcescens in a §.6-hr slit sampler 


Avg Per Cent Recovery 

Compared with a 1-Hr 
Slit Sampler 
(1.5% agar)* 


Per Cent 
Agar Used 


Sampling Time of Serratia 
marcescens Aerosol 


1 hr, with no subsequent 


DOM 555 soe as RSs 4 1.5 47.9 
1 hr, followed by 4 hr aeration 1.5 39.3 
1 hr, preceded by 4 hr aera- 
a Sea knekGias «95 ee 1.5 | 41.7 
Lhr, followed by 4hr aeration.) 1.5 plus | 38.1 
10% | 


glycerol 


| > 


* Each figure represents an average of 8 to 22 tests. 
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when sampling is followed by 4 hr aeration (table 1). 
That is, the same recovery is obtained on the fifth hr 
of sampling as is obtained on the first hr of sampling. 
These results show that the slit sampler collection efh- 
ciency is constant over the entire sampling period. 

Incorporation of glycerol to prevent rapid dehydra- 
tion was also tested. Ten per cent glycerol added to 1.5 
per cent agar shows no increase in recovery at 5.5 hr 
over that using 1.5 per cent agar alone. This is also 
shown in table 1. 
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SUMMARY 


The data presented indicate that increasing the vol- 
ume of air per given area of agar is detrimental to the 


viability of Serratia marcescens. It also shows that these 
samplers can collect an aerosol of Serratia marcescens 
continuously for periods up to 12 hours on 1.5 per cent 
agar and still recover a significant number of the or- 
ganisms at 40 to 50 per cent relative humidity. Once the 
organisms are impinged on the surface of the agar, con- 
tinued sampling over the remainder of the plate has 
little effect on the organisms already collected. Use of 
the slit sampler affords a time-concentration relation- 
ship, permits air sampling for longer periods of time at 
a good collection efficiency, and requires a minimum of 
labor, personnel, and equipment to take the samples. 
The standard bubblers and impingers do not fulfill all 
of these requirements. 
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Laboratory and production scale batch-type freeze 
driers are described in several reviews on the use of 
freeze-drying for preserving biological materials (I los- 
dorf, 1949, 1954; Greaves, 1946), but relatively few 
descriptions of continuous-type freeze driers have been 
published. A pilot plant continuous freeze drier devel- 
oped for drying orange juice (Campbell et al., 1945; 
Sluder et al., 1947) and similar driers developed for pro- 
duction of dried food materials (Anon., 1955a, b) have 
been described. Naturally, these pilot plant and pro- 
duction driers have been large and not readily adapta- 
ble for preparing biological materials in amounts of one 
ounce to several pounds. A continuous freeze drier was 
needed for studies to relate quantitatively measured 
properties of dried preparations with variations in 
freeze-drying processes and such a drier developed for 
laboratory studies is described in this paper. 

A continuous drier, small enough so that many trials 
may be performed, and large enough so that sufficient 
materials may be prepared for adequate measurement 
of critical properties of the dried preparations, was de- 
signed and constructed at Fort Detrick in 1952 for 
drying biological materials. Studies made since then at 
Northern Utilization Research and Development Divi- 

‘One of the divisions of the Agricultural Research Service, 
United States Department of Agriculture. 


sion of Agricultural Research Service and Fort Detrick 
have shown that the basic design of the apparatus is 
satisfactory, and the drier may be adapted to many 
investigations of variables in freeze-drying processes. 
The construction and typical use of this Fort Detrick 
Continuous Drier for preparing dried materials contain- 
ing viable organisms is described in this report. The 
characteristics of some of the suspensions dried and the 
dry materials produced will be described elsewhere 
(Maister et al., 1958a, b). 


GENERAL CONSTRUCTION AND OPERATION 
OF THE DRIER 


The Fort Detrick Continuous Drier was designed so 
that material frozen in the form of pellets? (ca 1<-in. 
diameter) can be fed into the drying chamber and the 
dry material be removed without interrupting the dry- 
ing process. The drier was designed to be easily con- 
structed and to incorporate as component units readily 


2 The pellets used with the continuous drier were made by 
freezing drops of suspension in a bath of liquid Freon cooled 
by dry ice. A mixture of equal parts:Freon 11 and Freon 113 
maintained at —50 C was satisfactory. The suspension was fed 
into the bottom of the Freon bath through a 13-gauge hypo- 
dermic needle with a square cut end. The size of the pellets 
(drops) was controlled by the feed rate. 
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available laboratory apparatus, such as bell jars, filters, 
and vacuum pumps. 

The major units of the drier are a horizontal drying 
chamber, a movable continuous belt, a heater, pellet 
feeding and removal systems, refrigerating system, vac- 
uum pumps, and a control panel. All the units of the 
drier assembled for operation occupy a space about 12 
ft by 415 ft by 10 ft. The drying chamber consists of 
two bell jars, 18 in. in diameter and 30 in. in length, 
butted against a central metal spool. The central spool 
has an effective axial opening 17 in. indiameter and it is 
6 in. inlength. A pellet feed chamber is mounted on top 
of the central spool and a product removal chamber is 
mounted on the bottom of the spool. All other parts of 
the pellet feeding and removal systems, the continuous 
belt and its drive, and the heater are mounted inside 
the central spool. These essential construction features 
of the drier are shown in figure 1. In this illustration of 
the first drier of this type constructed, the drying cham- 
ber is open to show the feed, drying, and product col- 
lection mechanisms. The condenser chamber is con- 
nected near the bottom of the spool. The belt support 
and drive apparatus are centered in the spool and the 
heater unit is mounted over the belt. An inclined chute 
varries frozen material from the feed inlet into the feed 
hopper and a similar chute collects dry material for 








[VoL 5 


discharge into the collecting flask (not shown in fig- 
ure 1). 

A late model of the drier and the accessory equipment 
assembled for routine operation are shown in figure 2, 
A and B. 


Deraits oF Various PARTS OF THE Drier 


The various components of the drier and their loca. 
tions when the units are assembled for operation are 
shown in figure 3. The construction of the units and 
approximate dimensions of the components are de- 
scribed below.* Diaphragm-type valves are used in all 
lines. 

Feed chamber. The shell of the feed chamber consists 
of a Pyrex glass cylinder, 8 in. in diameter and 12 in. in 
length, and metal end plates. The inner stainless stee| 
container from which pellets are fed into the drying 
chamber is 6 in. in diameter and 95¢ in. in length andis 
wrapped with a refrigerating coil (copper tubing 14 in. 
in diameter and 16 ft in length). The outlet of this con- 
tainer is 1546 in. in diameter, and a 1!4-in. (no. 20) 
wood auger is mounted over this outlet to serve as 
an agitator and to feed pellets to the drying chamber. 
The auger shown is operated by hand; however, a 

3 Sets of construction drawings will be supplied upon request 
in accord with Department of the Army Regulations. 





Fic. 1. Major construction features of the Fort Detrick Continuous Drier. 1. Bell jars (18 in. by 30 in.) used for chamber. 2. Bell 
jar shields (Lucite). 3. Central spool (equipment support ring). 4. Pellet feed chamber. 5. Pellet spreader chute. 6. Pellet feed hoppe 
7. Wire screen (16 mesh) belt. 8. Heater frame and shield. 9. Pellet discharge chute. 10. Belt drive pulley. 11. Condenser chamber 


and shield. 12. Supporting frame. 13. Outlet to vacuum system. 
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» | 


Fic. 2. Continuous freeze drier and accessory equipment assembled for operation; A (top) front view and B (bottom) rear view 
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motor drive is used on the auger of another drier and 
that is preferred. The outlet to the secondary vacuum 
pump is located in the bottom of the feed chamber. 

Drying chamber. The drying chamber consists of two 
Pyrex bell jars, 18 in. in diameter and 30 in. in length, 
sealed against the rims of the central spool. The drying 
chamber contains a chute and hopper for feeding frozen 
pellets onto the belt, a feed-control roller, the belt, drive 
mechanism, the heaters and reflectors, and a chute for 
discharging dry pellets. Vibrators are mounted on the 
chutes to aid in moving the frozen and dried pellets, 
and on the feed hopper (figure 3) to promote uniform 
loading of the belt. The feed chute is fluted and carries 
frozen pellets from the feed inlet to a hopper mounted 
over the feed end of the belt. The flutes spread the pel- 
lets so they tend to distribute evenly in the hopper. The 
front face of the hopper has an adjustable slide, which 
is set to allow free passage of one layer of pellets from 
the hopper onto the belt. The feed-control roller 
mounted between the hopper and the heater shield is 
made of aluminum and is set above the belt at the height 
of one pellet. The drag of this free-turning roller pre- 
vents doubling of the pellet layer. 

The continuous belt on which the pellets are carried 
past the heater is 16-mesh stainless steel screen made of 
wire 0.009 in. in diameter. The belt is 1114 in. wide and 
approximately 10 ft long. The length of the drying 
area between rollers is about 4 ft. The rollers which 
support and drive the belt are 6 in. in diameter and 12 
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in. in length. They are made of 14-gauge aluminuy 
sheet and are mounted on !9-in. shafts which turn jy 
sleeve bearings. 

The belt is driven from one of the rollers through a 
series of chains and sprockets (not shown) by a varia. 
ble-speed drive mounted outside the drying chamber. 
The main shaft is mounted in the central spool and js 
sealed with an O-ring. The roller which drives the belt 
is knurled to provide better grip on the belt and the 
free-turning roller is mounted on sliding bearings go 
that springs will keep the belt tight at all times. The 
edge of the screen belt has distinctive markings at 2-ip, 
and 1-ft intervals so different materials can be dried 
with the same heat input, or portions of the same ma- 
terial can be dried with different heat inputs in one con- 
tinuous operation. 

As the belt passes around the support roller, dried 
pellets fall off the belt onto the discharge chute which 
leads to the port in the bottom of the central spool. 

Heater. The heater consists of Nichrome wires! 
stretched back and forth in a reflector and support unit 
(35 in. by 10 in. by 2! in.) mounted so the wires are 1 in. 
above the belt. The wires cross the width of the belt 
and are mounted on fixed supports on one side and on 
a bar which is under spring tension on the other side of 
the support. This keeps the wires tight and straight but 
cuts the useful length of each heater wire to 8%4 in. 
(The unheated portion of the belt is not used.) The wires 

' Driver-Harris Co., Harrison, New Jersey. 

Sulfuric Acid Tower 
Glass Wool Tower 
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Fic. 3. Components of continuous freeze drier and accessory equipment 
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are spaced at approximately logarithmic intervals so 
the energy applied decreases along the length of the 
heated zone. Single, double, and triple unit heaters 
have been used. The typical heater illustrated (figure 4) 
is divided into two parts for close control of tempera- 
tures. The front section consists of 14 ft of no. 24 
AW.G. straight Nichrome wire distributed in 18 trans- 
yerse lengths, its resistance is approximately 25 ohms, 
and it is capable of dissipating up to 500 watts at 110 
yolts. The rear section consists of 16 ft of no. 25 A.W.G. 
coiled Nichrome wire distributed in 4 transverse lengths, 
with a resistance of approximately 34 ohms, and capa- 
ble of dissipating up to 350 watts at 110 volts. During 
normal operation, most of the required heat is applied 
in the front section and only about 15 to 30 watts are 
applied to the rear section. Voltage applied to each sec- 
tion is adjusted with a variable transformer. 

Product collection and removal flask. A suitable flask 
(for example, 2-L. vacuum flask or 2-qt Mason jar) is 
connected to the dry pellet discharge tube by means of 
rubber tubing or by sealing the mouth of the jar against 
a plate with a neoprene gasket. This flask is connected 
to the secondary vacuum system. 

Condenser chamber. The condenser chamber consists 
of an 18 in. by 18 in. bell jar sealed against an aluminum 
plate on which the condenser is mounted. It is connected 
tothe drying chamber by an 8-in. length of 4 in. i.d. 
tubing. The condenser is made of 60 ft of 14 in. copper 
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tubing coiled intoa cylinder 12 in. in diameter. The out- 
let to the main vacuum pump is located at the top of 
the condensing chamber. 

Vacuum systems. The primary vacuum system is 
used to control the pressure in the drying and condens- 
ing chambers, and in the whole system; the secondary 
vacuum system is used to control pressure in the feed 
chamber and product collection bottle. The primary vac- 
uum pump has a rated free air displacement of 264 L 
per min and a guaranteed limiting pressure of 0.1 » Hg. 
The vacuum line is constructed from standard 114-in. 
pipe and fittings; one rubber sleeve joint is used to 
relieve vibration. The secondary vacuum pump has a 
rated free air displacement of 1 L per min and guar- 
anteed vacuum of 0.3 « Hg. The lines from the pump to 
the feed and product chambers are 14-in. pipe. 

Refrigerant system. A colorless petroleum fraction 
(called dry cleaner’s solvent, Federal specification PS 
661-B) cooled by dry ice is used as the refrigerating 
medium. The liquid and dry ice are held in an insulated 
tank (for example, 55-gal bbl) and the cold fluid is cir- 
culated through the main condenser coil and cooling 
coil of the frozen pellet holder by a centrifugal pump. 

Crushed dry ice is added to the refrigerant tank as 
required to maintain the temperature of the refrigerant 
below —58 C, measured as the refrigerant returns to 
the tank. Blocks of COz must be broken so most of the 
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Fic. 4. Arrangement of wires and thermometers in radiant heater 
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pieces are smaller than 4-in. cubes. Using dry ice “snow” 
the temperature can be maintained below —75 C. 

Instrumentation. A recording Alphatron® gauge is 
used to measure pressure in the drier. The outlet to the 
ionization chamber of this gauge is located in the tube 
connecting the drying and condensing chambers. Either 
dial-type thermometers or Cu-constantan thermo- 
couples are used to measure temperature of the gas 
above the drying material. The locations of these tem- 
perature indicators are shown in figure 4. All the elec- 
trical switches and control instruments are mounted 
on a control panel (figure 3) at one end of the frame that 
supports the drier. 

Drier capacity. The capacity of the drier varies from 
approximately 200 g of frozen pellets per hr at a belt 
speed of 114 ft per hr to about 400 g per hr at a belt 
speed of 3 ft per hr, the maximum speed at which satis- 
factory operation can be maintained. lor drying prod- 
ucts to 1 per cent moisture or below, maximum belt 
speed for satisfactory operation is 2 ft per hr. The drier 
has been used successfully to reduce moisture levels in 
pelleted cultures of Serratia marcescens from 90 per cent 
to 1 per cent at a rate of 50 to 60 g of dried material 
per hr and with a recovery of viable cells of 80 per cent 
or higher. 


TypiIcaAL OPERATION OF THE DRIER 


Determination and control of heat requirement. The 
energy required to dry 1 g of pellets depends upon a 
variety of factors such as the speed of the screen belt, 
the diameter of the frozen pellets, the desired moisture 
content of the final product, and others. The required 
power input can be determined approximately by the 
use of the following formula which was derived empiri- 
cally on the basis of past experience: 


_ (0.8 BG) 


W = 100 — x (100 — M — S) 
where 

W = Power input, watts. 

B = Belt area, square in. passing under the heating 
unit in | hr. 

G = Weight, g of 1 square in. of the layer of frozen 
pellets. 

M = Desired moisture content of dried pellets, per 
cent. 

S = Solids content of frozen pellets. 


0.8 = Watt-hr per g of ice sublimed. 


The factor, 0.8, is an average value and can vary be- 
tween 0.7 and 1.1 depending upon the individual 
heater construction, the drying characteristics of the 
material, and the final moisture content of the dried 
pellets. The weight of frozen pellets (@) is obtained from 


5 National Research Corp., Boston’, Massachusetts. 


[voL. 5 


the average of four weighings of a complete, single 
layer of pellets on a framed screen, 2 in. square, Of the 
power input so determined, 75 per cent is applied to 
the front section at the start of the drying experi- 
ment; the rest is reserved for the rear section of the 
heater, and is applied when the first pellets enter this 
section. This determination of the power input fur. 
nishes an estimation of the power requirement at the 
start of the drying operation so the time required to 
bring the drying process to equilibrium is shortened. 
However, the actual power input after steady condi- 
tions are reached is reguated in accordance with the 
readings of the three temperature indicators located 
in the heating chamber. The first indicator registers 
the temperature of the water vapor escaping through 
the slot by which the pellets enter into the heater 
chamber (entrance temperature); the second measures 
the heat radiated from the last two transverse lengths 
of the second heater section (coil temperature); and 
the third measures the temperature of the water vapor 
leaving the slot by which the dried pellets emerge 
from the heater chamber (discharge temperature). 
(Note: None of the temperatures measured is the 
temperature of the drying material.) 

A large number of drying experiments with pelleted 
cultures of Serratia marcescens have demonstrated a 
definite relationship between discharge and coil tem- 
peratures. Both are critical in regard to viable cell 
recovery and moisture content of the dried product. 
It was found that the discharge temperature should be 
48 to 50 C and the coil temperature 6 to 10 degrees 
higher in order to produce dried pellets with a mois- 
ture content of one per cent. The difference between 
the coil and the discharge temperatures is indicative of 
the degree of dryness of the end product. If the dif- 
ference drops to zero or if the discharge temperature 
becomes higher than the coil temperature, the final 
product will have a high moisture content. If the 
temperature differential cannot be corrected by in- 
creasing the power input to the rear section, the input 
to the first section should be increased. On the other 
hand, if the difference exceeds ten degrees and climbs 
to higher levels, the material will be overdried. The 
power input to the rear section should be decreased or, 
if necessary, taken off entirely. If this step does not 
remedy the condition, the power input to the front 
section should be decreased. 

With the Fort Detrick Continuous Drier, an expet- 
enced and careful operator can produce uniform dried 
product at will. 

Operation. The flow of material through the drier 
and the flow of refrigerant through the cooling col 
and condenser may be visualized from figure 3. 

The drier is prepared for operation by turning on the 
vacuum pumps and vacuum gauge, removing all 
water from the system, cleaning the gasket-sealing 
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surfaces, and checking the operation of the vibrators, 
the heater, and belt-drive mechanism. The refrigerant 
circulating pump is started and the refrigerant is 
circulated through the condenser and the cooling coil 
of the feed chamber. After full flow of the liquid has 
been established, dry ice is added to cool the liquid. 
(The temperature of the refrigerant must be below 
-58 C for satisfactory operation of this drier, and a 
temperature near —63 C is used routinely.) 

The bell jars of the drying chamber are aligned and 
sealed against the rim of the central spool, and the 
primary vacuum-line valve is opened to allow the 
pump to evacuate the entire drying system. A pressure 
of < 100 uw Hg is obtained within 15 min unless there 
are defects in the system. When the pressure in the 
system is 50 u or less, the feed chamber is isolated from 
the drying chamber and a weighed quantity (maxi- 
mum 1 kg) of frozen pellets is poured into the pellet 
container. The feed inlet is closed, the valve to the 
secondary vacuum pump line is opened, and the feed 
chamber evacuated until the pressure in the feed 
chamber is about the same as pressure in the drying 
chamber, then the valve to the drying chamber is 
opened. Generally, less than 5 min are required to add 
pellets to the container and reduce the pressure in the 
chamber to about 100 u Hg. 

To add pellets to the feed hopper over the belt, 
the auger in the pellet container is rotated and the 
vibrator on the feed chute is operated. This operation 
is repeated as required (ca 15 sec per min) to keep 
the feed hopper about half full. 

To load the belt with pellets, the vibrator on the 
feed hopper is operated and the belt is moved past 
the hopper outlet. To hasten initial loading, the belt 
drive pulley may be turned by hand until pellets are 
at the entrance to the heated zone, then the belt 
drive motor is turned on. 

The heater is turned on and the power input adjusted 
to the predetermined value. Then, a weighed dry 
pellet collection-flask is put in place and evacuated 
through the secondary vacuum system. When the 
pressure in this flask is the same as that in the drying 
chamber, the valve between the chambers is opened. 
When the first full beltload of pellets has been collected, 
the collection bottle is replaced. Thereafter, the opera- 
tion of the drier may be continued by adding frozen 
pellets to the feed chamber, adjusting the heat input, 
and changing collecting flasks as required. Product 
collection is discontinued when the last of the pellet feed 
enters the heater. The first and last beltloads of pellets 
are dried under changing conditions and are not 
lepresentative of the continuous drying conditions, so 
they are discarded. 

As much as 25 kg of ice has been collected (during 
100 hr) on a single condenser; the maximum capacity 
of the condenser has not been determined. 


Resutts or TypicaL Dryinc ExpERIMENTS 
The performance of the Fort Detrick Continuous 
Drier is illustrated by the operational data, from two 
extended drying experiments, compiled in tables 1 and 
2. The frozen pellets originated from two individual 


TABLE 1. Average operating conditions in extended drying 
experiments with pelleted cultures of Serratia marcescens 


Experiment No. 
Condition 


ps | De 
Frozen pellets: 
Solids content, per cent......... 15.5 16.9 
Viable cells per g dry solids. ....| 3.52 X 10!2 | 2.99 x 102 


Drying procedure: 
Belt speed ft/hr roe 2 
Pressure, plig-mean............ 55 55 
Power input, watts 


front section, mean........... 216.3 216.8 

rear section, mean....... ate 18.3 25.0 
Entrance temperature, C; mean.. 35.1 36.4 
Discharge temperature, C; mean. 49.1 49.4 
Coil temperature, C; mean..... 59.1 54.7 
Watt-hr/g ice sublimed......... 0.89 0.84 
Ice collected in condenser, kg. . 14.5 13.8 
Collection time, hr... .. Ae 54.75 47 
Production rate, g/hr....... 48.9 59.8 
Grams of dried pellets collected 2676.5 2809.5 

Dried pellets: 

Moisture content, per cent...... 0.93 0.93 
Viable cells/g dry solids. ........| 3.27 & 10! | 2.82 * 1012 


Viable cell recovery, per cent.... 93.0 94.2 


TABLE 2. Production rate and material characteristics in 
extended drying experiments (D-80, D-82) with 
pelleted cultures of Serratia marcescens* 





Production Rate | Moisture Content — aS. 

D-80 D-82 D-80 D-82 D-80 D-82 D-80 D-82 
g/hr g/hr % | % of % hr hr 
53.4 | 62.0 | 1.25 | 0.80 | 95.8 90.8) 4 4 

55.3 | 61.0 | 1.50 | 0.71 | 96.9 | 100.0. 8 5 

51.4 | 64.0 | 1.17 | 0.76 | 92.8 | 94.0] 11.5 | 11.5 
48.3 | 57.5 | 0.95 | 1.03 | 96.9 | 92.2] 15.5 15.5 
47.5 | 61.3 | 0.96 | 0.98 | 89.5 | 86.7 / 19.5 | 19.5 
48.4 | 59.6 | 0.73 | 1.00 | 89.6 | 97.6 | 23.5 | 23.5 
47.1 | 60.3 | 0.76 | 1.12 | 86.4 | 93.7 | 27.5 | 27.5 
47.5 | 61.9 | 0.89 | 1.10 | 88.4 | 94.6| 31.5 | 31.5 
43.8 | 56.7 | 0.71 | 1.05 | 83.0 | 100.0 | 35.5 | 35.5 
50.0 | 57.4 | 0.96 | 0.91 | 93.4 | 100.0 | 39.5 | 39.5 
49.7 | 61.0 | 0.96 | 1.07 | 93.3 | 99.4] 48.5 | 48.5 
46.3 | 54.6 | 0.49 | 0.66 | 91.7 | 84.2 47.5 | 47. 

47.1 — | 0.75 _ 93.6 - |51.5 | — 
49.1 | — | 0.81 | — | 93.4) — | 54.75] — 

| | 


48.9} | 59.8) 0.93] 0.93) 93.0 94.4 
+ 3.0t | + 2.7/4 0.25)\+ 0.16) + 4.0 + 5.3 
t ' ! 


* Operating conditions for these experiments are given in 
table 1. 

+ Mean. 

¢ Standard deviation. 
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fermentation runs carried out one week apart. The 
S. marcescens strain 8 UK was grown in medium 
containing nonfat dry milk solids, 5 per cent; Wilson’s 
protopeptone No. 343, 3 per cent; and glucose, 2 per 
cent. The fermentation period was 24 hr, pH was 
controlled in the range 6.8 to 7.2, and aeration was 
provided to give an oxygen absorption rate (sulfite 
method) of 1.2 mm O./L/min. Concentrated cell 
suspensions (viable cell count 4.6 that in the culture) 
were prepared with a Sharple’s DV-2 centrifuge. To 
the concentrate was added | per cent each of ascorbic 
acid, thiourea, and ammonium chloride. The pellets 
of D-82 contained more solids but had a lower viable 
cell count than the pellets of D-80. This higher solids 
content influenced the drying condition as shown by 
the experimental data listed in table 1. In both experi- 
ments the feed rate, the power input, and the discharge 
temperature were the same, but, due to the different 
solids contents, varying amounts of dried pellets were 
produced in a given operation period. Despite this 
difference in the operational condition, the final 
product obtained in both runs was dried to the same 
average moisture content and the per cent viable cell 
recovery was practically the same. 

During the continuous operation of the drier, the 
collecting flasks were changed every 4 hr and the 
dried pellets collected during this period were weighed, 
analyzed for moisture content, and assayed for viable 
cell content. The data of table 2 demonstrate the 
fluctuation in the drying process. The greatest fluctua- 
tion was experienced in the moisture content of the 
dried pellets of D-80. It ranged from 0.49 to 1.50 per 
cent and was caused by difficulty in maintaining a 
uniform complete layer of the pellets on the screen 
and the inability to obtain a representative sample for 
the moisture determination. The fluctuations of the 
production rate and the drying recovery are very small 
considering the intricate operating conditions and the 
nature of the biological material. 

DiIscUSSION 

The Fort Detrick Continuous Drier has been used 
to dry a variety of suspensions which are typical of 
preparations of bacterial and viral microorganisms. 
One should remember that the details of the drying 
process described to illustrate the use of this drier 
apply only to the S. marcescens preparations described. 
With other types of suspensions of S. marcescens and 
suspensions of other microorganisms, the procedure 
described must be modified as required by the nature 
of the materials. Our experience indicates that the 
viable cell populations of S. marcescens suspensions are 
relatively unaffected by temperature changes in the 
range 0 to —70 C, but Mazur et al. (1957a, b) have 
shown that viable Bacterium tularense (Pasteurella 
tularensis) cells are sensitive to changes in tempera- 
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ture in this range. The treatment of frozen pellets of 
B. tularense suspensions to be dried might be quite 
different from the treatment of pellets of S. marcescens. 
Other materials might dry better at higher or lower 
pressures than those described in this paper. 

The major disadvantage of the drier is that the 
first and last belt loads of material are dried under 
nonuniform conditions. We have routinely discarded 
these portions, but in some instances “‘scrap’’ material 
has been used for the first and last beltloads. When 
this is done, as little as 10 g of dried material may be 
prepared with this drier. We believe it should be possible 
to devise a procedure in which the heat input is in- 
creased during the initial belt loading and decreased 
during the final unloading so proper drying of all 
material is obtained. Because of the screen belt, only 
pre-frozen feed can be used with the present drier, It 
would appear that a solid metal belt and liquid feed 
system like that described by Sluder et al. (1947) could 
be adapted readily for use with this apparatus. 

The major advantages of the apparatus are that it 
allows process variables in continuous freeze drying to 
be studied with small amounts of material, and enough 
dry material may be prepared readily so that critical 
properties of the material (such as moisture content, 
viable microorganism content and biological effective- 
ness) may be measured. From thirty-five to several 
hundred g of dry material may be prepared under 
uniform conditions, and the dry preparation is obtained 
in a form that is easy to use in further processing. 
By proper regulation and control of the drying proc- 
esses, dried preparations with high active micro- 
organism content have been obtained with this con- 
tinuous freeze drier. 


SUMMARY 


The construction and operation of a continuous 
freeze drier suitable for preparing up to 60 grams of 
dry material per hour are described. The drier is small 
enough that many trials may be completed and large 
enough that sufficient material may be prepared fot 
adequate measurement of critical properties of the 
dried preparations. 

Material that is frozen in the form of pellets is fed 
into the drier and the dry pellets are removed without 
interrupting the drying process. The process may be 
controlled and adjusted as required by variations it 
the diameter of the pellets, rate of sublimation, density 
of the load in the drier, the solids content of the pellets, 
and the desired moisture content of the final product. 

In typical operation, suspensions of Serratia marces- 
cens with 15 per cent total solids have been dried in? 


hours, under total pressure of 55 » Hg, to a final 
moisture content of 0.93 per cent with 93 per cent Te 
covery of viable cells. 
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Chlortetracycline (CTC) and oxytetracycline (OTC) 
have been approved by the Federal Food and Drug 
Administration for use in extending the market life of 
poultry meat. These antibiotics are now being widely 
used in this country for this purpose on eviscerated 
broilers. During the course of carrying out some 
experiments on antibiotics in a commercial processing 
plant, the authors had occasion to observe conditions 
under which the Acronize? process was being used. It 
seemed quite clear to us that a real possibility existed 
whereby resistant forms of the spoilage organisms 
could develop in this plant. Accordingly, some studies 
Were initiated to determine whether, in fact, resistance 
to CTC among spoilage organisms did develop under 
conditions of commercial use. 


MATERIALS AND METHODS 


Eviscerated whole and cut-up tray-packed broilers 
Were obtained directly from a processing plant as well 
as from several] retail stores. In the former case it was 

‘This work was financed, in part, under authority of the 
Agricultural Marketing Act of 1946 (RMA, Title II). 

? Trade mark of American Cyanamid Corp., New York City, 


New York, for poultry chilled in ice-slush containing chlor- 
tetracycline. 


known by direct observation whether or not the birds 
had been treated with CTC. In the latter case, it was 
assumed that only those birds carrying a label declara- 
tion had been treated with CTC. 

Samples of birds were collected from the processing 
plant and the retail stores over a period of several 
months during 1956 and 1957. They were brought to 
Davis and stored in a cooler at 7.2 C (45 F) until 
spoiled (as determined by the development of typical 
“dirty-dish-rag”’ odor and slimy condition). Swabs 
were taken and the swabbings plated out onto nutrient 
agar; the plates were kept at 7.2 C (45 F) until colonies 
formed. Pure cultures from the predominant types of 
colonies were obtained by usual isolation techniques. 
The isolates were maintained as slant cultures on 
nutrient agar. 

The resistance of the isolated cultures was deter- 
mined by a modification of the method of Beech et al. 
(1955): A multiple-needle inoculation dise was con- 
structed of metal. This device is 3 in. in diameter and 
has mounted on it 24 needles in two concentric circles 
(plus a 25th needle in the center). A similarly shaped 
dise of wood was constructed containing 25 holes, 
positioned to fit the 25 needles of the metal disc. 
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Both discs possess a marker that permits identification 
of each needle and corresponding hole. Suitable vials 
of such size (1.2 ml) as to fit the holes in the wooden 
disc were used to hold suspensions of the test organisms. 

In operation, the resistance test was conducted as 
follows: Suspensions of the isolates (approximately 
10° cells per ml) were prepared and placed in the vials. 
The multiple-needle inoculating disc was then posi- 
tioned over the disc containing the vials and lowered 
until all needles were evenly immersed in the suspen- 
sions. The dise was then removed and lowered onto a 
Petri dish containing sterile nutrient agar. It was then 
withdrawn and the cover replaced on the Petri dish. 
This procedure was repeated with nutrient agar 
containing CTC. All inoculations (with and without 
CTC) were made in duplicate in an aseptic inoculation 
room. 

The plates were then incubated at 7.2 C (45 F). 
Observations for growth were made daily. Control 
plates were compared with those containing antibiotic; 
readings were considered significant (for each test 
culture) only at the time when growth first was observed 
on the control plates. Isolates were called sensitive 
when duplicate plates failed to exhibit colony forma- 
tion on agar containing CTC. 


RESULTS AND DISCUSSION 


Table 1 summarizes the data for isolates obtained 
from three types of birds: 1) those obtained from spoiled 
poultry which had not been treated with CTC and 
from plants not known to be using the Acronize process, 
2) those obtained from spoiled poultry which had not 
been treated with CTC but from a plant in which a 
regular portion of the poultry was treated with CTC, 
and 3) those obtained from spoiled poultry which had 
been treated with CTC and from plants in which at 
least a portion of the poultry was treated with CTC. 
In the latter two situations, approximately half of 


TABLE 1. Resistance of spoilage organisms 
to chlortetracycline (CTC) 


Isolates* 
Concentra- Unexposed U-CTC A-CTC 

tion 

No. No. we , No ae 

resistant Per cent resistant Per cent resistant Per cent 

ppm 

5 0 0 7 78 24 63 

10 0 0 6 67 15 39 

15 0 0 44 9 24 


* Unexposed_= twenty-five isolates from spoiled birds not 
treated with antibiotic from plant not using antibiotic. 

U-CTC = Nine isolates from spoiled birds not treated with 
antibiotic but from plant using CTC regularly on part of pack. 

A-CTC = Thirty-eight isolates from spoiled birds treated 
with a tetracycline antibiotic and from plant using CTC regu- 
larly. 
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the isolates were from whole birds and half from cut-up 
tray-pack birds. 

It may be seen that none of the unexposed cultures 
were resistant to CTC at concentrations of 5, 10, or 
15 ppm. On the other hand, a large proportion of 
those previously exposed to CTC (whether directly or 
indirectly) were resistant. The presence of resistant 
forms on birds treated directly with CTC is to be 
expected since these organisms originally developed in 
the presence of some residual CTC (estimated to be 
2 to 5 ppm; Food and Drug Administration regulations 
permit a tissue residual of 7 ppm). 

The presence of resistant forms among isolates from 
birds not treated directly with CTC could be explained 
only if opportunity existed for growth of the organism 
in the plant (on birds, equipment or elsewhere) in the 
presence of CTC. Critical appraisal of operations in the 
plant revealed that such an opportunity existed. The 
following facts were ascertained: The CTC formulation 
was added to the ice-slush in which the eviscerated 
whole birds were chilled. The birds remained in the 
slush for 1 to 4 hr. After removal of the birds and water 
from the chill tank, the chill tank and the remaining ice 
are rinsed and returned to service. (The tanks are 
thoroughly washed only once a day.) Birds to be sold 
as a whole-bird pack are hung on a draining conveyor 
line; then ice-packed in wirebound shipping containers 
and placed in a cooler pending shipment. 

In the cut-up operation, the whole carcasses were 
also drained on a conveyor line; they were then removed 
from the line and cut up on a meatcutting band saw. 
Pieces were assembled, by hand, in a fiber-board tray 
and overwrapped with transparent plastic film. These 
tray-packaged birds were then packed in a fiber-board 
shipping container and placed in the cooler. 

In the latter operation, there was ample opportunity 
for bacterial growth to occur during the cutting and 
packaging operations. For example, counts on. the 
saw platform and blade after a few hours’ use ran as 
high as 150,000 psychrophiles per square inch. When 
the Acronize process was being used, such growth 
obviously occurred in the presence of CTC leading to 
the development of resistant forms. The construction 
of the saw is such that it is virtually impossible to keep 
it in a sanitary condition; even periodic cleaning & 
practiced in this plant certainly does not eliminate the 
possibility of a day-to-day carry-over of contamination 
from this source. 

It is not so easy to explain how resistant forms 
develop in the whole bird operations. Still it is clear 
that they do. Perhaps the bacteria grow on the surfaces 
of the chill tanks between use, or the whole pack birds 
become contaminated by transfer of bacteria from the 
cut-up operations. Inasmuch as there is an exchange 


of equipment and personnel between the two oper 
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tions, this seems a likely source of CTC-resistant 
bacteria in whole birds. 

It has not been possible to determine whether or not 
the wide-spread presence of CTC-resistant bacteria 
has decreased the effectiveness of this antibiotic in 
extending storage life. What can be said is that some 
extension is still being experienced from CTC use in 
this plant (See Vaughn et al., 1957). 
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SUMMARY 

A study was made of organisms isolated from 
commercially processed eviscerated chickens when 
deliberately spoiled at 7.2 C (45 I). The data collected 
clearly show that, where the chickens had been processed 
in the presence of chlortetracycline, resistant forms 
prevail. Such forms were not demonstrated on spoiling 
poultry which had been processed in plants not using 
chlortetracycline. 
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Most of the literature on drying of microorganisms 
has dealt with lyophilization. While freeze drying is a 
satisfactory method of preserving stock cultures, other 
processes, for example, spray drying, offer considerable 
economic advantage for drying large quantities of cells. 
This study, therefore, was performed to observe the 
behavior of a nonsporeforming bacterium when dried 
from a nonfrozen state by evaporation of water in an 
air stream. 

The drying method consisted of suspending cells on 
nylon cloth held in an air stream of controlled tempera- 
ture, relative humidity, and flow rate. While this 
procedure has no practical application, drying condi- 
tions could be varied easily and therefore some of the 
conditions which might be encountered in a commercial 
process could be simulated. 


[EXPERIMENTAL METHODS 


Preparation of cells for drying. Serratia marcescens 
strain 8 UK was chosen as the principal test organism 
because it is moderately sensitive to dehydration and 
its pigmentation makes it readily differentiable from 

‘Published with the permission of the Director of the Wis- 
consin Agricultural Experiment Station. 


*Present Address: 6th U. 8. Army Medical Laboratory, Ft 
Baker, California. 


contaminants. The cultures were grown in a synthetic 
medium containing per L of distilled water: glucose, 
2 g (autoclaved separately); ammonium sulfate, 2 g; 
sodium citrate dihydrate, 2 g; dibasic potassium phos- 
phate, 1 g; MgSO,-7H.O, 40 ug; NaCl, 2 ug; FeSO,- 
7H.O, 2 ug. The medium after sterilization and addi- 
tion of glucose had a pH of 6.5. 

Twenty-five ml of the synthetic broth in a 125-ml 
Erlenmeyer flask was inoculated with 0.5 ml of a 24-hr 
nutrient broth culture and incubated at 30 C for 24 hr 
on a New Brunswick rotary shaker*® at 360 rpm. A 
portion of the culture was centrifuged, diluted to the 
original volume with 0.1 per cent peptone solution, 
centrifuged again, and then diluted in the drying 
menstruum to a concentration of about 10° cells per ml. 

The composition of the various drying menstruums 
are included with the experimental results. A stock 
solution of each ingredient was prepared and held at 
5 C. Immediately before use, the ingredients were 
mixed and adjusted to pH 6.2 to 6.5 with KOH. 
Sterilization was avoided to prevent any changes that 
might be caused by heat. Chance microbial contami- 
nants in the drying menstruum were successfully 
diluted out during subsequent plating. 

3 New Brunswick Scientific Co., New Brunswick, New 
Jersey. 
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Drying. The drying apparatus consisted of an 
inverted, hollow, sheet metal cone 4!4 in. high and 
6 in. in diam at the base. Six air outlets consisting of 
l-in. sections of 34 in. copper tubing were attached at 
60 degree intervals around a circle 4'4 in. indiam on 
the base. At the center of the base was an opening for 
insertion of a thermometer. 

Compressed air was supplied to the dryer at the 
apex of the cone. The air was dried, if desired, by 
passage through a column of Drierite,t which reduced 
the moisture content to <5 per cent relative humidity. 
The air was heated by passage through a section of glass 
tubing wound with Nichrome wire® through which was 
passed an electric current controlled by a Variac 
transformer.® If higher relative humidity was desired, 
the air was saturated by sparging it through water at 
the proper temperature, then heating the humid air. 
The relative humidity was calculated from the vapor 
pressure of water at the temperature of saturation and 
the vapor pressure at the temperature of exit from the 
dryer. In preparation for an experiment, the air stream 
was adjusted to the desired conditions and wasted 
through a by-pass until the samples were in place and 
ready to dry. 

To support the cells during drying, 4 cm? pieces of 
loosely woven nylon cloth were implanted with collo- 
dion rings approximately 15 mm in diameter. To do 
this, the mouth of a 20 by 150 mm test tube was 
dipped into liquid collodion and then pressed onto the 
cloth. One of these cloth squares was positioned over 
-ach of the six dryer outlets in such a manner that all 
of the air from an outlet would pass through the area 
delimited by the collodion ring. The cloth was held onto 
the dryer outlet with a rubber ring. 

As soon as the cloths were positioned, 0.02 ml of cell 
suspension was pipetted rapidly onto the center of each 
cloth and spread over the entire area inside the collo- 
dion ring. Immediately after this the air stream was 
directed into the dryer and timing was begun. The air 
flow rate was maintained at 21 L/min/dryer outlet. 

Measurement of survival. Immediately following 
drying, the six cloths were rehydrated in a bottle of 
sterile 0.1 per cent peptone solution at 25 C. Nutrient 
agar streak plates were prepared from appropriate 
dilutions. Colonies were counted after incubation at 
30 C for 24 hr. Undried control counts were made by 
delivering 0.02 ml of cell suspension to a cloth square 
and dropping it immediately into a dilution bottle. 
The count for the dried sample X 100 divided by the 
control count equalled per cent survival. 


RESULTS 
Initial attempts to dry S. marcescens on cloth from 
water, phosphate buffer, or peptone solutions were 
4W.A. Hammond Drierite Co., Xenia, Ohio. 
5 Driver-Harris Co., Harrison, New Jersey. 
6 General Radio Co., Cambridge, Massachusetts. 
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unsatisfactory. Even when the dry bulb temperature of 
the air stream was only 30 C, survival figures were yo 
more than 1 to 5 per cent. Over half the cells could be 
recovered alive, however, when they were suspended 
in the diluent developed by Naylor and Smith (1946), 
This mixture contained per 100 ml of distilled water: 
2 g dextrin, plus 0.5 g each of ascorbic acid, thiourea, 
and ammonium chloride. Most of the experiments 
reported here involved this diluent or some modifica. 
tion of it. 

Reproducibility of the drying method. Table 1 jllys. 
trates the day-to-day variability observed throughout 
the study. These figures represent daily  surviys| 
percentages obtained under supposedly identical condi. 
tions during two bi-monthly periods about eight months 
apart. The standard deviations for the values in these 
two periods were 7.6 for period 9 and 4.2 for period 
13, or approximately 10 per cent of the respective 
mean survival figures. During some periods the coefi- 
cient of variation was as high as 13 per cent. 


TABLE 1. Day-to-day variations in per cent survival of 
, ° ° 
Serratia marcescens when dried on 
nylon cloth for 10 min at 35 C* 


Per Cent Survival 


Bi-monthly period 9 Bi-monthly period 13 


69 60 35 47 46 
70 77 64 44 42 
76 79 66 38 49 
71 85 77 | 14 40 
74 72 77 44 43 
83 65 78 54 
78 74 47 

Avg 72 15 


* Individual results are daily determinations under sup- 

posedly identical conditions of growing and drying the culture 

TABLE 2. Variations in survival of Serratia marcescens 
over a two-year period 


: ‘ goss Bnei 
Bi-Monthly Drying Temp Drying Time Avg Per Cen 





Period* Survivalt 
Cc min 
1 50-55 5 60 
2 50-55 5 58 
3 50-55 5 40 
4 50-55 5 30 
5 50-55 5 37 
6 50-55 5 35 
7 50-55 5 28 
8 50-55 5 68 
9 35 10 72 
10 35 10 77 
1] 35 10 42 
12 35 10 45 
13 35 10 45 


| 


* Periods arranged consecutively. 
+ All values obtained for the two-month period were ave! 
aged. 
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The wide difference between the survival values for 
the two periods in table 1 also were encountered at 
other times. Table 2 shows similar averages for figures 
obtained over a two-year period. The sharp changes in 
quvival rate between periods 2 and 3, 7 and 8, and 
j0and 11 are apparent. 

At the beginning of this work the cells were dried 
on nylon cloth obtained from a war surplus parachute. 
After the supply of this fabric was exhausted, a good 
made of cotton surgical gauze was substituted appar- 
ently without affecting the survival rate. During period 
2. however, a new lot of gauze was obtained and it is 
believed that this was responsible for the sharp drop 
in survival between periods 2 and 3. Much later it was 
shown that this gauze contained something that was 
toxic to S. marcescens. Therefore, a sheer nylon cloth 
was obtained commercially and substituted for the 
cotton, with the resulting rise in survival shown in 
priod 8. The cause of the drop in survival in period 
ll has never been deduced. Possibly it represents some 
unrecognized change in the resistance of the culture. 

Effect of various drying conditions on survival of 
S. marcescens. igure 1 shows survival curves for S. 
marcescens at different temperatures. The time neces- 
sary to evaporate the free water from the sample was 
determined by placing a thermocouple immediately 
above the cloth and noting the time required for the 
temperature at this point to rise, as indicated by 
galvanometer deflection, showing that the water had 
evaporated. 
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Fic. 1. Effect of air stream temperature and drying time on 
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The curves show an initial period of rapid killing 
at a rate that increased with rising temperature. This 
period of rapid death extended well beyond the time 
required to remove the free extra-cellular water. 
Following the initial sharp decline in number of viable 
cells, there was a continued slow drop in viability. 
After the first 10 min of drying at 35 C, however, the 
death rate frequently was so slow that no further 
decrease in viable count could be detected. Therefore, 
this temperature and time were selected for further 
trials to minimize or eliminate death caused by holding 
the cells in an air stream after they were apparently 
dry. 

It was suspected that the differences in death rate 
shown in table 1 might be traceable in part to dif- 
ferences in rate of drying or to differences in the final 
moisture content of the cells. However, varying the 
rate of moisture removal by changing the air flow rate 
at a given temperature did not influence survival. 

Another way to influence both the rate of drying and 
the final moisture content is to vary the relative 
humidity of the air stream. The amount of water 
retained by cells dried on cloth could not be determined 
directly because the samples were too small for accurate 





A- Washed Cells 


B- Washed Cells plus Dextrin, 
Ascorbic Acid and Thiourea 
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Fig. 2. Moisture contents of Serratia marcescens cells and of 
a product containing cells and additives after equilibration at 
various relative humidities. 
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moisture determinations. However, equilibrium mois- 
ture values were obtained from larger quantities of 
cells which had been spray dried. Assuming that the 
manner of drying does not greatly affect the equilibrium 
moisture properties of S. marcescens, the data obtained 
with spray dried cells would apply to films held in an 
air stream. Support for this assumption was found in 
data that the two drying methods yielded similar 
survival figures. 

Kquilibrium moisture values were obtained by 
allowing the spray dried material to equilibrate in 
atmospheres of different relative humidities. Tared 
weighing bottles containing | to 2 g of material were 
placed in) vacuum desiccators containing various 
saturated salt solutions. After evacuating the air, the 
desiccators were incubated at 35 C until moisture 
equilibration was achieved (about 24 hr). Equilibrium 
moisture contents then were determined by weighing 
the samples before and after drying in a vacuum oven 
for 24 hr at 50 C. 

igure 2 shows the equilibrium water contents of 
two different materials: (A) washed cells dried from 
distilled water, and (B) washed cells dried from a 
solution of dextrin, ascorbic acid, and thiourea. The 
former represents the amount of water retained by the 
cells alone, while the latter is the total water in the dry 
product, that is, the water retained by the cells plus 
that retained by the three additives. Although the two 
products contained significantly different quantities of 
water at a given relative humidity, the moisture 
content of the cells would be the same. lor example, 
at 67 per cent relative humidity material A contained 
15 per cent water and B contained 26 per cent. However, 
the amount of water held by the cells per se in material 
B also would be 15 per cent. 
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Fic. 3. Influence of air stream relative humidity on the 


survival of Serratia marcescens dried in Naylor and Smith 
diluent. 
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Since increasing the relative humidity from 5 to over 
60 per cent more than tripled the cell water content, it 
was thought that such an increase might also enhance 
survival. It seemed possible that cells retaining more 
water might be damaged less by the drying treatment. 
However, when S. marcescens was dried in air streams of 
different relative humidities, survival actually decreased 
as the relative humidity increased (figure 3), This 
harmful effect of moisture also was apparent when cells 
previously exposed to a dry air stream were held in g 
stream of humidified air. 

In an effort to find the explanation for the lethal 
effect of moisture in the air stream, cells were suspended 
in various modifications of Naylor and Smith diluent 
and then exposed to air streams of low and high mois- 
ture contents (table 3). With the dry air stream am- 
monium chloride contributed little to survival, whereas 
the reducing materials furnished most of the protection, 
With air of 67 per cent relative humidity, however, 
survival increased markedly when ammonium chloride 
was omitted, and a little more when the reducing 
agents were left out. 

Table 4 shows the effect of substituting other salts 
for ammonium chloride in the diluent for cells exposed 
to moist air. Poor survival was observed with am- 
monium chloride and ammonium sulfate but not with 
sodium or potassium chloride. This result suggested 
that the ammonium ion was volatilized during exposure 
to the moist air stream, leaving the acidic chloride or 
sulfate ion behind. Confirmation was obtained by 
drying Naylor and Smith diluent with and without 
ammonium chloride in air streams of 5 and 67 per cent 
relative humidity. After rehydration the pH of both 


TaBLe 3. Effect of ammonium chloride and reducing compounds 


on survival of Serratia marcescens in moist and dry air 


Per Cent Diluent Constituents Per Cent Survival in Air with’ 
° As orbic ac id , . cor "Of RHt 
Dextrin 3 F ? NH,Cl 5% RH 67% 
and thiourea 
2 0.5 of each 0.5 88 2 
2 0.5 of each 81 42 
2 12 58 


* Exposed 10 min at 35 C. 
+ RH = relative humidity. 


TaBLe 4. Effect of substituting other salts for ammonium chlorid 
in Naylor and Smith diluent on survival of Serratia 


marcescens 

: 7 : . er Cent Survival after 

Diluent: 2% Dextrin, 0.5% Each of Ascorbic Acid phy ree Stream 

and Thiourea, plus 0.5%, of: with 70% RH at 35€ 
Ammonium chloride ; : 3 
Ammonium sulfate ae , 0) 
Potassium chloride : ay 59 
Sodium chloride ran = 10) 
Nothing ee Pee ; 16 
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jiluents dried at 5 per cent relative humidity was 6.0. 
\fter exposure to moist air, however, the pH of the 
jiluent containing ammonium chloride dropped to 
pout 4.0, while the pH without ammonium chloride 
«mained at 6.0. Doubtless the acidity resulting from 
«se of the ammonium ion caused the low survivals 
stained when cells were held in a moist air stream. 
Even when ammonium chloride was omitted from 
the diluent, survival was poorer in moist air than in 
iv (table 3). This difference was traced to something, 
erhaps a toxic ion, associated with the ascorbic acid. 
When the effect of this toxic factor was cancelled by 
including a little peptone in the mixture, survival was 
as good in moist as in dry air (table 5 
Effect of varying the constituents of modified Naylor 
‘ Table 6 shows that both dextrin and 
of SNS. 


wn Smith dilie nt. 


the reducing agents contributed to survival 
narcescens in both dry and moist air. The dextrin used 
white grade material 


this study was reagent 


prepared by Coleme and Bell Co.’ Varying its con- 


entration in the diluent caused little difference in 
survival between | and 4 per cent; 0.5 per cent and less, 
however, provided Sigil ificantly less protection. The 
lextrin could be replaced with an equal quantity ol 
kim milk 
ithout significantly 
Kithes 


good survival when 


albumin or glucose 


powder, xylan, egg 
affecting survival. 


1 


ascorbic acid or thiourea permitted fairly 
ised alone. For reasons that are 
t understood, thiourea gave more protection with 
ry air, but ascorbic acid was superior with moist air 


table 7). No other reducing agent was found to replace 


Norwood Ohio 


Taste 5. Effect of re j humidity on survival of Serratia 
marcescens suspended in 2 per cent dextrin. 0.5 per ce nt each of 
iscoroie acid and thie €a and 0.05 pe cent pe ptone and dried 


jor 10 min at 36 ¢ 


Per ( S n Air 
Ext ‘ 
RH +-70° RH 
] 52 5S 
2 42 5d 
3 45 $4 
Avg 46 54 


TABLE 6. Effect of dezxt and reducing agents on survival of 
Serratia marcescens in dry and moist air 
Per Cent Diluent ones Per Cent Survival in Air of 
OS" Peptone I 
Dextrin Reducing agents* <5% RH 67% RH 
2 45 49 
2 2 23 
] 6 26 
1 10 


"0.5 per cent each of ascorbic acid and thiourea. 
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these materials successfully. Substitution of 1 per cent 
of glutathione or sodium thioglycollate allowed little 
better survival dextrin 
superior to these but still not as protective as ascorbic 
No effort 
optimum concentrations of these substitute reducing 


than alone. Cysteine was 


acid and thiourea. was made to find the 
agents. 

In view of the wide differences in molecular struc- 
ture of ascorbic acid and thiourea, it was assumed that 
they exerted their protective action by virtue of their 
common reducing property; that is, by protecting the 
cells against lethal oxidations. Evidence supporting 
this idea is given in table 8, which shows better survival 
in the presence of the reducing agents than in their 
absence and better survival with nitrogen as the drying 
gas than with oxygen. The reduced survivals obtained 
with nitrogen when the reducing agents were omitted 
does not necessarily indicate that ascorbic acid and 
thiourea protect in some way other than as anti- 
resulted 
simply because the drying apparatus was in contact 


oxidants. The lower survivals might have 


with the room atmosphere and the cells were exposed to 


TABLE 7. Effect of the reducing agent on su al of Serratia 
marcescens in dry and moist a 
r Per ( Sur 
D t: 2% Dextrir No. « Ave F 
1.0 Peptone, P Trials 
< RH 60-70% RH 

1% Ascorbie acid 7 38 50 
1% Thiourea 4 18 28 
0.5% of each 6 45 49 


TaBLeE &. Effect of drying gas and reducing compounds on 
J - I 


survival of Serratia marcescens 


; Per Cent Survival when Dried ir 
Diluent: 2° Dextrin, : ‘ F 
0.5% NH.Cl, Plus 
Oxygen Nitrogen 
teducing agents* 43 79 
Nothing 5 40) 


* (0.5 per cent each of ascorbic acid and thiourea. 


é% ABLE 9. Effect of dilue nt on surt ival of several common species 
of microorgan isms 
Per Cent Survival when 
Organism 2 Z 
Modified Naylor & 
Smith diluents* 








Serratia marcescens 45 3 
Bacterium linens. 43 1 
Escherichia coli 27 3 
Micrococcus ureae 37 33 
Streptococcus lactis 49 43 
Saccharomyces cerevi- 

seae 2 2 


* 2 per cent dextrin, 0.5 per cent ascorbic acid, 0.5 per cent 
thiourea and 0.05 per cent peptone. 
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air before the nitrogen stream was directed through the 
cloth. 

Effect of diluent on survival of various species of 
microorganisms. Attempts were made to dry several 
other common microorganisms to see whether they 
required the same protective materials for survival as 
did S. marcescens. Table 9 shows that organisms vary 
in this requirement. In the absence of the modified 
Naylor and Smith diluent, practically all of the cells 
of S. marcescens, Bacterium linens and Escherichia coli 
were killed. Micrococcus ureae and Streptococcus lactis, 
however, survived as well in phosphate buffer as in 
the protective diluent. The yeast showed poor survival 
under both conditions. 


DISCUSSION 


The fact that the diluent developed by Naylor and 
Smith for freeze drying also protects S. marcescens when 
dried in an air stream is evidence that some of the 
same lethal factors are involved in the two methods. 
Even though ammonium chloride did not greatly im- 
prove survival in cloth drying, it is not necessarily 
indicated that different lethal factors were operative 
during drying by the two methods. Naylor and Smith 
measured survival after dried cells had been held for 
one month, and the protection afforded by ammonium 
chloride may be manifest only during storage. 

In this investigation an attempt was made to study 
the drying process per se and to avoid consideration of 
storage, because the causes of death during drying and 
storage may be different. In actual practice, however, 
complete differentiation between the two was impos- 
sible by the method used. After cell moisture had 
equilibrated with that of the air stream, the process 
became no longer one of drying but one of storing cells 
in flowing air (figure 1). By using a low temperature 
(35 C) and short time (10 min), however, it was pos- 
sible to minimize killing that might be attributable to 
storage. 

The results in figure 1 show that the phase of rapid 
death continued for a period of time after the sus- 
pending water was removed from the cloth. This 
probably indicates that the cells did not equilibrate 
completely with the air stream until the slope of the 
curve changed and that the thermocouple simply was 
not sensitive enough to detect the small quantity of 
water being removed during the later stages of the 
rapid death phase. 

Evidence was obtained to suggest that, at least 
within a certain range, the final moisture content of 
cells suspended in Naylor and Smith diluent had little 
effect on survival of the drying process. Thus a com- 
parison of figure 3 with tables 5 and 6 shows that final 
water contents from less than 4 to over 12 per cent 
yielded similar viable recoveries. When any of the 


[VoL 5 


essential additives were omitted, however, relative 
humidity did have a significant effect on suryiya] 
(table 6). This may indicate that the protective mate- 
rials are needed most after the water content of the 
cells is reduced below a certain value. 

Since glucose, skim milk powder, xylan, and egg 
albumin served as satisfactory substitutes for dextrin, 
one naturally wonders how they protect the cells, Fry 
and Greaves (1951) suggested that sugars protect by 
regulating the amount of water retained by the cell. 
Although additives may affect the water content of the 
dried product (figure 2), a material such as dextrin 
would not change the equilibrium moisture properties 
of the cells per se. Therefore, any increase in moisture 
must result because the additives retain a higher 
concentration of water than the cells. In other words, 
although the vapor pressure of the cells and additives 
will be the same, the amount of water which each con- 
tains may differ considerably. 

The fact that a polysaccharide, a monosaccharide, 
and a protein furnished a similar degree of protec- 
tion suggests that dextrin may function by preventing 
denaturation of proteins located at the surface of the 
cell. Adams (1948) found that gelatin protected bae- 
terial virus proteins from denaturation of gas-liquid 
interfaces, and Brosteaux and Eriksson-Quensel (1935) 
have shown that sugars will protect a variety of 
proteins from denaturation by drying. 

Ascorbic acid and thiourea apparently _ protect 
against lethal oxidations. The results showing that 
these materials did not contribute to the survival of 
S. lactis and M. ureae (table 9) may signify that these 
organisms do not possess certain oxygen-labile sub- 
stances found in S. marcescens. However, dextrin also 
failed to enhance the survival of S. lactis and MM. ureae, 
suggesting that something in their structure permits 
these organisms to better tolerate all the lethal effects 
of drying. 

SUMMARY 

Serratia marcescens and several other microbial 
species were dried by suspending cells on nylon cloths 
held in an air stream. The composition of the drying 
medium was found to have a marked effect on the 
survival of S. marcescens, and best results were obtained 
with a diluent composed of dextrin, ascorbic acid, and 
thiourea. These materials also enhanced the survivals 
of Bacterium linens and Escherichia coli but not 
Saccharomyces cereviseae, Micrococcus ureae, or Streplo- 
coccus lactis. 

Studies on the influence of drying conditions showed 
that survival decreased with an increase in the dry 
bulb temperature of the air stream. The air streall 
relative humidity had little effect on survival when a! 
of the essential additives were present in the mel 
struum. This indicated that the final cell moisturt 
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content was not the factor determining whether or not 
the cell survived drying. 
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Synthetic media have been employed successfully 
for the production of streptomycin by Streptomyces 
griseus (Saunders and Sylvester, 1947; Dulaney, 1948; 
and Thornberry and Anderson, 1948). However, the 
incorporation of complex organic ingredients of natural 
origin in the medium is generally recognized to be 
essential for high yields. Numerous examples of such 
useful ingredients have been described in patents 
(Woodruff and McDaniel, 1954). 

An interesting hypothesis on the function of these 
complex materials in the fermentation was advanced 
by Waksman et al. (1946). They postulated that beef 
extract and corn steep liquor contain an organic 
substance, designated as an “activity factor,’ which 
specifically promotes streptomycin biosynthesis by 
serving either as a precursor or a coenzyme. The 
organism itself was regarded as being capable of 
synthesizing such a factor, but at a low rate. Dulaney 
(1948) has observed that the stimulatory effect of 
corn steep solids could not be duplicated by an amino 
acid acting singly. No further work along similar 
lines, with compounds of known structure other than 
amino acids, has since been reported. 

We have now found that the well-known hypnotic 
and sedative, barbital, and a number of related com- 
pounds with certain common structural features, are 
potent stimulators of streptomycin accumulation in a 
hear-synthetic medium. In this paper, data on the 
scope of their activity and observations relevant to 
their mode of action are presented and discussed. 

MATERIALS AND METHODS 

Unless stated otherwise all compounds tested or 
used as synthetic intermediates are commercial samples. 

‘Presented before the Division of Agricultural and Food 
Chemistry at the 131st Meeting of the American Chemical 
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Megimide,’® that is, 8,8-ethylmethylglutarimide, was 
available as a 0.5 per cent sterile solution in normal 
saline. 

Diethylmalonic acid was prepared by hydrolysis of 
diethyl diethylmalonate (Conrad, 1880); mp observed,! 
135 C, reported 125 C. The acid was converted via the 
acid chloride to diethylmalondiamide as described by 
Fischer and Dilthey (1902); mp observed, 228 C, 
reported 224 C. 5-Ethyl, 5-5-dimethyl and 5,5-ethyl- 
methyl barbituric acids were prepared by condensing 
the appropriate esters with urea in the presence of 
sodium ethoxide. The products were characterized as 
follows: 5-Ethylbarbituric acid, mp observed, 190 C; 
reported by Fischer and Dilthey (1904): 194 C; found 
C 46.0 per cent, H 5.3 per cent, N 18.4 per cent; cale. 
for CsHsO3;Ne2, C 46.2 per cent, H 5.2 per cent, N 18.0 
per cent. 5,5-Dimethylbarbituric acid, sublimes above 
235 C; found C 46.2 per cent, H 5.4 per cent, N 17.6 
per cent; cale. for CsHg0;Ne, C 46.2 per cent, H 5.2 
per cent, N 18.0 per cent. 5,5-Ethylmethylbarbituric 
acid, mp observed, 209 C; reported by Fischer and 
Dilthey (1904): 212 C; found C 49.6 per cent, H 6.0 
per cent, N 16.5 per cent; cale. for C7HieO3Ne, C 49.4 
per cent, H 5.9 per cent, N 16.4 per cent. 

The culture used in this work is a Pfizer strain of 
Streptomyces griseus. Except for the experiment re- 
ported in table 1, all incubations were carried out at 
27 C on a rotary shaker moving at 230 cycles per 
minute. The inoculum used in all experiments was a 
48-hr-old vegetative culture grown from spores in a 
Fernbach flask containing one L of the following 
medium: corn meal 2.5 g, corn starch 5.0 g, corn steep 
liquor 10.0 g, distillers’ solubles 10.0 g, CaCO; 5.0 g, 
KH2PO, 1.0 g, NaNO; 3.0 g, per L of tap water. The pH 


3 Registered trade-mark, Nicholas Proprietary Ltd., Mel- 
bourne, Australia. 
4 Melting points are uncorrected. 
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was adjusted to 8.0 with 50 per cent KOH, and the 
medium sterilized at 120 C for 45 min. 

The control streptomycin fermentation medium 
was as follows: dextrin, 5.0 g; glucose, 40.0 g; am- 
monium lactate, 3.0 g; urea, 0.5 g; KH.PO,, 0.5 g; 
CaCO; , 5.0 g; NHyNQO3;, 7.5 g; MgSO,-7H.0O , 0.25 ¢g; 
ZnSO;-7H2O0, 44 mg; and FeSO,;-7H.O, 13 mg, per 
L. of distilled water adjusted to pH 7.0 with 50 per 
cent NaOH. The medium was dispensed in 30 ml ali- 
quots into 300-ml Erlenmeyer flasks and sterilized by 
autoclaving at 110 C for 15 min. The compound to be 
tested, usually at concentrations of 0.2 to 0.25 per 
cent in preliminary experiments, was added to the 
flask before sterilization and, if necessary, a calculated 
volume of 4 s NaOH to bring the final pH to 7.0. The 
pH after sterilization was not less than 6.8. Each flask 
was inoculated with 1.5 ml] of the inoculum culture 
described above. 

Streptomycin was determined by the standard FDA 
cylinder-plate method. Terminal potencies were also 
checked by a modified maltol procedure suitable for 
use with complex broths (Boxer ef al., 1947). The 
presence of more than 10 mg per ml glucose in the 
broth was found to add a substantial value to the 
final optical density reading in the maltol assay. Up- 
take of glucose during the fermentation was rapid, 
and practically no glucose is left after 48 hr of incuba- 
tion. Interference by glucose was, therefore, negligible 
for the terminal or 4-day-old broth. The terminal poten- 
cies quoted in the text all represent the mean of the 
microbiological and chemical determinations. Agree- 
ment between the two sets of values has been satis- 
factory. Reducing sugar was assayed by the procedure 
of Folin and Malmros (1929). Barbital was assayed 
spectrophotometrically (Gould et al., 1949). Mycelial 
weight was obtained by drying the washed mycelial 
mat from a known volume of broth at 110 C overnight. 
Extent of autolysis was estimated by visual inspection 
of broth fluidity and by microscopic examination of 
nigrosin stained slides. 


RESULTS 
Fermentations in the Control Medium 


Under the conditions specified, the over-all fermen- 
tation in the control medium was found to follow the 
biphasic pattern previously noted for other types of 
media (Dulaney and Perlman, 1947; Woodruff and 
Ruger, 1948). During the first or growth phase (0 to 
36 hr), mycelial weight reached a maximum value of 
about 1 g per 100 ml medium. There was rapid uptake 
of glucose, but little accumulation of streptomycin. 
During the second or productive phase (36 to 96 hr), 
depletion of sugar, usually complete by 48 hr, was 
accompanied and followed by (1) accumulation of the 
antibiotic and (2) lysis of the mycelia. Maximum po- 
tency in the broth was reached in 4 days (92 to 96 hr). 


[voL. 5 


No further accumulation of streptomycin occurred 
when incubations were continued to 6 days. The ob. 
served value of the maximum or terminal potency 
fluctuated considerably from experiment to experiment 
(300 to 500 units/ml). 


Effect of Barbital on Fermentation 

Various substances of interest in different areas of 
biological activity, for example, vitamins, metabolic 
intermediates, enzyme inhibitors, and so forth, were 
screened for their effect on terminal streptomycin 
yield. The first compound which gave a noteworthy 
response is barbital. Further tests indicated that its ef. 
fect on streptomycin accumulation was stimulatory at 
low, and inhibitory at high levels. The relationship be- 
tween barbital concentration and terminal potency is 
shown in figure 1. It is seen that as additive concentra- 
tion is increased, streptomycin yield climbs steadily toa 
maximum value, and then slowly declines to fall even- 
tually below the control, additive-free level. At the opti- 
mum concentration, that is, about 13.5 * 10-* M, the 
extent of stimulation is reflected in a yield (2,100 units 
ml) approximately 4 times that obtained in the control 
medium in the same experiment. 

Although the value of terminal potency at optimum 
activator concentration fluctuated between experi- 
ments as widely as did the control yield, the ratio 
between the two for each run remained relatively 
constant. In 20 separate experiments, the optimum 
activated yield was consistently from 3.5 to 4.5 times 
the control, barbital-free value. 

At stimulatory levels, barbital brought about no 
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visible change in either the rate or extent of mycelial 
proliferation during the growth phase. In fact, the 
yver-all fermentation pattern displayed, essentially, 
the same biphasic intervals (that is, a 0 to 36 hr growth 
phase, and a 36 to 96 hr productive phase) as those 
observed in the control medium. Thus, there is no 
question that the increase in terminal potency was 
due to an enhanced rate of streptomycin accumulation 
during the productive phase. The presence of barbital, 
however, did exert a conspicuous effect on the ease 
with which the fully formed mycelia underwent autol- 
yis, This observation will be treated more fully in a 
later section. 


Role of Barbital in the Fermentation 


In more than a dozen experiments, barbital deter- 
minations were carried out on broths after 3 days’ and 
aiter 4 days’ incubation. The range of barbital recovery 
observed was from 90 to 110 per cent. Consequently, 
it is unlikely that a significant portion of the barbital 
present initially could have been incorporated in the 
streptomycin molecule. In other experiments, it was 
found that barbital could be sterilized separately and 
added to the medium just before or after inoculation 
without affecting the final yield. Its addition at 24 or 
48 hr of incubation was completely ineffective; even a 
(hr delay in the addition of barbital resulted in a 
marked loss in terminal potency. It is clear from these 
observations that barbital does not intervene directly 
and hence probably does not act as a coenzyme in any 
of the metabolic reactions immediately involved in the 
process of streptomycin accumulation just before or 
during the productive phase. It affects only actively 
proliferating mycelia during the growth phase, evi- 
dently in such a way that the activity of the over-all 
enzyme system responsible for streptomycin accumula- 
tion is increased. 

Streptomycin has been reported as being gradually 
inactivated in the culture medium during a fermenta- 
tion (Waksman et al. 1946), in which case the rate of 
accumulation is the difference between the rate of pro- 
duction and the rate of inactivation. Thus, the effect 
induced by barbital could be due to the development 
of either a more active system for streptomycin pro- 
duction, or a less active system for streptomycin 
inactivation. To distinguish between these two possi- 
bilities, the effect of a fermenting culture on exogenous 
streptomycin, added after the productive phase had 
started, was studied. The results are summarized in 
table 1 and show unequivocally that, irrespective of 
the presence or absence of barbital, little destruction 
of exogenous streptomycin had occurred in the broth 
during the productive phase. It seems, therefore, prob- 
able that the presence of barbital in the growing culture 
‘timulates the development of the enzyme system which 
tatalyzes the biosynthesis of streptomycin. 


Effect of Other Activators on Fermentation 


Further observations were extended to a selected 
series of compounds structurally related to barbital. 
Compounds found inactive can be divided into three 
groups: (1) allantoin, alloxan, cyanuric acid, hydan- 
toin, 1,1-dimethylhydantoin, thymine, uracil, am- 
inouracil and xanthine, all of which contain a —CO— 
NH—CO—NH— chain as part of a ring system; (2) 
barbituric acid and the following substituted barbit- 
urates, 5-amino, 5-ethyl, 5-ethyl-5-/soamyl, 5-ethyl-5- 
phenyl, 5-ethyl-5-(1-methylbutyl) and 5,5-diethyl-1- 
methyl; (3) diethyl diethylmalonate and diethylmalonic 
acid. 

Compounds which showed activity were studied 
more fully. Data on their effectiveness as activators 
are summarized in table 2. These results suggest that 
the activity of barbital in this system is due to the 
combined effect of two structural factors: first, the 


TABLE 1. Effect of addition of exogenous streptomycin 
on production 


Streptomycin Potency Units/M1 at: 
Streptomycin }——— 


—— — At 43 Hr 7 
> SAF oe ee 67 Hr 90 Hr 
Beforet Aftert 
+ + 800 2,200 2,800 3,100 
ve - 1,200 1,500 
- + <100 1,600 1,500 1,800 
-- = 200 300 


* The fermentation is carried out with 2 L medium in a 4 
L fermentor as described by Shull and Kita (1955). 
+ Addition of 1,600 units/ml of exogenous streptomycin. 


TABLE 2. Stimulation of streptomycin yield by 
synthetic activators 





Terminal Streptomycin 


™ ~, ; * 
Concentration Vieldt 


Activator 


5,5 - Dimethylbarbi- 
turie A018... .2.5: 
5,5-Ethylmethylbar- 
biturie acid.. 
5,5-Diethylbarbituric 


7.0 X 10°->M 


°,9 


bo 


.0 X Control value 


no 


7.0 X 10-3?m | 4.5 X Control value 


acid (barbital)..... 13.5 X 10°? ms 4.5 X Control value 
5,5-Ethylisopropyl- 

barbiturie acid. ...., 13.5 KX 10-3 m | 4.5 X Control value 
5,5-Diallylbarbituric 

RONG icine a Schen sare 13.5 X 10-3 m_ | 2.0 X Control value 
5,5-Allylisopropylbar- 

bituric acid.........| 13.5 X 10-°m | 1.5 X Control value 
Diethylmalondiamide.| 27.0 X 10-*m | 3.5 X Control value 
8,8-Ethylmethylglu- 

tarimide. 10.8 X 10-3 m | 3.5 X Control value 





* All compounds, except 8,8-ethylmethylglutarimide: 
were tested at 6.75, 13.5 and 27.0 X 107 m. For each compound 
data for the most effective concentration are given. 8,8-Ethyl- 
methylglutarimide was tested at one concentration only. 

+ Mean of three values given to nearest 0.5. Control values 
ranged from 300 to 500 units/ml. 
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barbiturate ring system, and second, the dialkyl sub- 
stitution at C-5. Substitution in the ring at a position 
other than C-5, as in 5,5-diethyl-l-methylbarbituric 
acid, is apparently inimical to activity. Other modifica- 
tions in the ring can, however, be made with less 
damaging consequences. lor example, elimination of 
the —CO— unit at position 2 to give diethylmalondi- 
amide does not lead to a complete loss of activity. 
Presumably, in this case, the —CONH— groups can 
still assume the conformation which they formerly 
held as part of the barbiturate structure. Moreover, 
the entire barbiturate ring is replaceable by the glu- 
tarimide system, since the activity of 8 ,8-ethylmethyl- 
glutarimide compares quite favorably with that of 
5,5-ethylmethylbarbituric acid. On the other hand, 
contraction of the ring from 6-member to 5-member 
leads to loss of activity, as is shown by the difference 
in behavior between the mildly active 5,5-dimethyl- 
barbituric acid and the inactive 1 , 1-dimethylhydantoin. 
It would appear that the essential feature involved is 
the shape and size of the ring rather than the identity 
of its member atoms. 

Variations in the size of the dialkyl groups are also 
permissible within narrow limits. The optimum range 
is Co, C2 and Cs, C3, inasmuch as maximum activity 
is found in 5,5-diethylbarbituriec acid and 5,5-ethyl 
isopropylbarbituric acid. The requirement for disub- 
stitution is evidently critical. Thus, while 5 ,5-dimethyl- 
barbiturie acid still possesses activity, the monosub- 
stituted isomer 5-ethylbarbituric acid is completely 
inactive. 


Effect of Activators on Autolysis 


In the control medium and in media containing the 
inactive compounds listed above, autolysis is usually 
well advanced by 48 hr of incubation. The broth ap- 
pears thin and fluid; microscopic examination shows 
that the mycelia are extensively broken up. On the 
other hand, in the presence of stimulatory levels of 
barbital or of any one of the other compounds included 
in table 2, even at 72 hr of incubation, the broth re- 
mains thick and viscous, and contains luxuriant clumps 
of long, thin mycelial threads. Signs of autolysis are 
barely visible at 92 to 96 hr. That an increase in strep 
tomycin yield is invariably associated with the pro- 
duction of mycelia resistant to autolysis renders it 
likely that the two phenomena are in some way inter- 
related. Furthermore, because all the activators so far 
uncovered produce the same dual effects, it would seem 
reasonable to assume that they also share the same 
mechanism of action. 

At a level of barbital inhibitory to streptomycin 
accumulation (figure 1), growth was found to be sparse, 
although the mycelia found was apparently of the 
autolysis-resistant type. It is possible that the low 
yield encountered here is due exclusively to growth 
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inhibition, which may involve an entirely different 
mode of action from that responsible for stimulation 
of streptomycin production. 


DISCUSSION 


The stimulatory compounds listed in table 2 may 
in a broad sense, be looked upon as synthetic “activity 
factors” in the terminology of Waksman et al. (1946). 
The evidence available, however, does not. suggest 
that these compounds can have either one of the two 
specific functions ascribed to an activity factor as if 
was originally defined. It indicates rather that barbital 
and presumably the others are neither precursors nor 
coenzymes of streptomycin biosynthesis. They act only 
on proliferating mycelia, and appear to intervene jn 
some essential metabolic process which eventually 
determines the activity of the over-all enzyme system 
available for streptomycin synthesis during the pro- 
ductive phase. 

These compounds may, of course, actually stimulate 
the production of all the enzymes which participate in 
streptomycin synthesis. They may, perhaps, more 
simply, stimulate the production of just one particular 
enzyme which subsequently catalyzes the rate-limiting 
step in the complex series of reactions involved. As 
the activity of the rate-limiting enzyme is increased, 
the rate of the over-all process would also increase, 
The function of these compounds, viewed in this way, 
is similar to that of inducers in the phenomenon of 
adaptive enzyme formation (Monod and Cohn, 1952). 

An alternative explanation of the activity of these 
stimulators is suggested by the apparent correlation 
between stimulation of streptomycin production and 
emergence of autolysis-resistant mycelia. It is con- 
ceivable that the relevant enzymes of streptomycin 
biosynthesis are more stable in the intact than in the 
autolyzed cell. If a compound promotes the formation 
of autolysis-resistant cell wall, without any undesirable 
side effects, it would indirectly protect the enzymes 
from inactivation and hence enable them to operate 
at an effective level throughout the length of the pro- 
ductive phase. 

It is difficult to assess the relative merit of the above 
hypotheses without additional information. Ther 
seems no doubt, however, that the mode of action 0 
these compounds in the streptomycin-producing systel! 
bears no relationship to that responsible for the hyp 
notice activity of the barbituates. In the first plac 
several well-known hypnotics of the barbiturate serie: 
for example, 5-ethyl-5-phenyl-, 5-ethyl-5-(1-methy 
butyl)- and 5,5-diethyl-1-methyl- barbituric acids, a! 
inactive in streptomycin production. Secondly, 5,> 
dimethylbarbiturie acid and diethylmalondiamit 
which possess no hypnotic properties (Shoule al 
Moment, 1923), are stimulatory in streptomycin pl 
duction. Finally, while 8,8-ethylmethylglutarimide * 
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an antagonist to the hypnotic activity of barbiturates 
Shulman ef al., 1955) it is, nevertheless, an active 
¢imulator for streptomycin production 
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SUMMARY 


The production of streptomycin in a near-synthetic 
medium is stimulated by the addition of a number of 
3dialkylbarbituric acids and related compounds. The 
maximum activity in the barbiturate series is shown 
0 occur in 5,5-diethylbarbituric acid (barbital) and 
},j-ethylsopropylbarbituric acid. At optimum activa- 
tor levels, the terminal streptomycin potency in the 
broth is increased to about 4 times the control value. 
The function of these compounds in stimulating strep- 
mycin production does not seem to correspond to 
that involved in the hypnotic action of the barbiturates, 
inasmuch as compounds active in one system are 
found to be inactive in the other and vice versa. 

All active compounds tend to increase the resistance 
ifully grown mycelia towards autolysis. Experiments 
n barbital suggest that it does not act as a precursor 
ira coenzyme in the process of streptomycin bio- 
ynthesis during the productive phase of the fermenta- 
tion. The possible mode of action of these compounds 
is discussed. 
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Soluble oils are complex mixtures of oil and other ma- 
terials (Sabina and Pivnick, 1956) which, when mixed 
with water, form stable emulsions. These emulsions are 
used as coolants and lubricants in the cutting and grind- 
ing of metals. Unfortunately, they may support the 
growth of many bacteria, predominantly pseudomonads. 

The bacteria which grow in the emulsions are sus- 
pected of causing spoilage of the coolant. Such spoilage 
is, in most Cases, not a simple process involving a single 
reaction, but rather a variety of processes carried on 
by a heterogeneous microbial population under a variety 
of conditions. The following spoilage problems are 
recognized: (1) breaking of the emulsion resulting from 
lowered pH; (2) breaking of the emulsion without low- 
ered pH; (3) production of hydrogen sulfide with or 
without discoloration of the emulsion; (4) production of 
foul odors other than hydrogen sulfide. 

Spoilage due to lowered pH results from a conversion 
of the soaps in the emulsifier system to nonionized fatty 
or sulfonic acids. When the emulsifying system is ren- 
dered ineffectve, the oil phase separates from the emul- 
sion. The lowering of pH may result from the production 
of carbonic acid during microbial respiration, lipolysis, 
or the oxidation of hydrocarbons to fatty acids. To date, 
there are no data available which prove whether these 
mechanisms are responsible in part or in the whole for 
lowering of pH. However, an increase in the concentra- 
tion of hydrogen ionsdoes occur and some machine shops 
regularly adjust the pH of their emulsions with triso- 
dium phosphate. 

Breaking of the emulsion without lowered pH has not 
been widely reported although the phenomenon has been 
observed in this laboratory. There is a possibility that 
this problem may occur much more frequently in indus- 
try than is presently recognized. For example, if a highly 
ritical component of an emulsifier system was present 
in small amounts in the emulsion and was extremely 
susceptible to microbial degradation it could disappear 
irom the system within a few days without the pH being 
lowered. 

Production of hydrogen sulfide in soluble oil emul- 
‘ions has been studied to a slight extent although in the 


'This investigation was supported in part by a research 
grant (RG-4266 (c)) from the National Institutes of Health, 
Public Health Service, Department of Health, Education, and 
Welfare and in part by a grant (G-2150) from the National 
Science Foundation. 


*Fellows of The Texas Company. 


scientific literature the origin of the sulfide has been 
postulated (Liberthson, 1945) or reported without ac- 
companying data (Davis and Updegraff, 1954). Un- 
doubtedly, the microbial reduction of sulfate does play 
a role (Mendelow and Pivnick, Unpublished Data) 
although the bacterial reduction of thiosulfate and sul- 
fur may occur readily (Pivnick and Fotopoulos, Un- 
published Data). The latter material is a common 
component of some soluble oils. In addition, sulfides 
may also arise from the microbial decomposition of 
proteinaceous organic matter. It is not suggested, how- 
ever, that soluble oils contain amounts of this material 
adequate for generation of sulfide but there are known 
cases where canal water or other water which could 
contain large amounts of such organic material has been 
used for mixing with the soluble oils. The hydrogen 
sulfide may react with ferrous ions to form a black pre- 
cipitate which causes the milky emulsions to appear 
gray to blue gray. 

The production of odors other than sulfide is common 
but their origin is unknown. It is possible that they may 
be composed of mercaptans, low molecular weight 
hydrocarbons, and so forth. Such odors are probably of 
bacterial origin as they are especially noticeable when 
the machine shops have not operated for a few days. 
Without constant usage the emulsions would become 
anaerobic, a condition which would be conducive to the 
microbial production of malodorous compounds. 

Despite the extremely complex situations which may 
arise in spoilage it has been possible to initiate a study 
of these phenomena. Our laboratory has been concerned 
with the microbial oxidation of soluble oil emulsions 
and individual components (Pivnick e¢ al., 1955; Sabina 
and Pivnick, 1956). The present work reports the sus- 
ceptibility of several components of soluble oil emulsions 
to oxidation by several species and selected mixtures 
of bacteria. 


MATERIALS AND METHODS 


Pure cultures. All cultures employed in this study 
were isolated from emulsions used 
of 


industrially. Strains 

and Chandler and 
Pseudomonas formicans Crawford were those used by 
Sabina and Pivnick (1956). The pseudomonad listed as 
Pseudomonas no, 324 is a hitherto undescribed species 
whose name and description wi!l be published elsewhere. 
Flavobacterium brevis Frankland, not previously re- 
ported in soluble oil emulsions, was isolated from a used 


Pseudomonas oleovorans Lee 
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emulsion obtained from a machine shop in Illinois. In 
this emulsion the culture was present to the extent of 
20 X 10° cells per ml. 

Pure cultures were grown for 5 days at room tem- 
perature in 100 ml of the following medium at pH 7.5: 
M/100 Tris buffer [tris(hydroxymethy!)aminomethane]; 
0.08 g dehydrated nutrient broth (Difco); and 0.5 g of 
the soluble component or 2 g of the emulsified oil which 
was later used as substrate in respiration studies. To ob- 
tain cells for use in respiration studies, 10 ml of the 
adapted pure culture was transferred to 100 ml of 
nutrient broth which was shaken reciprocally for 24 hr. 
Cells were washed thrice in M/200 phosphate buffer at 
pH 7.5 and resuspended in 5 ml of distilled water. 

Selected mixed cultures. Compounds which were re- 
sistant to oxidation by all of the four pure cultures 
were subjected to more rigorous tests. This was accom- 
plished by using a m xed inoculum in emulsions from 
four different machine shops. The mixed inoculum 
was selected by passing it serially at 2-day intervals in 
a medium containing mineral salts (Helprin and Sulli- 
van, 1954), 0.08 per cent dehydrated nutrient broth 
(Difco), and 0.5 per cent of the compound resistant to 
oxidation by the pure cultures; pH 7.5. After the third 
passage in the above medium, the mixed culture was 
passed 3 times in a similar medium with the dehydrated 
nutrient broth reduced to 0.008 per cent. From the final 


TABLE 1 


Components of soluble oilst subjected to microbial oxidation 


CP-1* sulfonated castor oil 

CP-2** sulfurized lard oil 

CP-3** sperm oil 45° NW 

CP-4** prime lard oil 

CP-5** tall oil 

CP-6** sulfurized sperm oil 

CP-8** pale oil 

CP-9** rape seed oil 

CP-12* petroleum sodium sulfonate, 31 per cent dry soap 
CP-13 naphthenic acids of neutrality No. 100 

CP-14* sodium oleate 

CP-15* triethanolamine oleate 

CP-16* sodium soap of wood rosin 

CP-18* polyoxyethylated nonylphenol 

CP-19* fatty alkylol amine condensate 

CP-20* sorbitan monolaurate polyoxyethylene derivative 
CP-21* fatty ester of high polyalcohols 

CP-24* ethylene glycol monomethy1] ether 

CP-25* ethylene glycol monoethy! ether 

CP-26* ethylene glycol monobutyl ether 


* 


* Soluble as 3.8 per cent solutions in M/100 Tris buffer at 
pH 7.0. 

** Emulsified with petroleum sodium sulfonate 31 per cent 
dry soap. 

+ All compounds were supplied by The Texas Co., except 
CP-24, CP-25, and CP-26 (the ethylene glycol ethers) which 
were obtained from Carbide and Carbon Chemicals Co., New 


York, N. Y. 
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flask 10 ml of the selected inoculum was introduced into 
100 ml of 0.8 per cent dehydrated nutrient broth 
(D feo). Cells were grown and prepared in the manner 
described for pure cultures. 

Substrates subjected to microbial oxidation. Twenty 
compounds (table 1), most of them frequently used in 
soluble oils, were tested for their susceptibility to oxi- 
dation. Compounds in table 1 marked with an asterisk 
(*) were readily soluble as 3.8 per cent solutions in 
M/100 Tris buffer at pH 7.0. Naphthenic acids (CP-13) 
were not readily soluble but were dissolved to some 
extent by adjusting the pH to 14.0, heating, lowering 
the pH to 7.0 and diluting to 3.8 per cent solution. 
Compounds marked with a double asterisk (**) were 
not readily soluble and, therefore, were emulsified with 
petroleum sodium sulfonate 31 per cent dry soap. The 
petroleum sodium sulfonate was chosen as an emulsifier 
because it was resistant to oxidation by all pure cultures 
and the mixed cultures which had been passed through 
the selection process. The compounds were emulsified 
by mixing in a Waring Blendor 74 g of the desired test 
compound, 22.5 g petroleum sodium sulfonate, 31 per 
cent dry soap, 1.5 g sodium hydroxide, and 2.0 g water. 
This mixture was diluted to 20 per cent with distilled 
water, adjusted to pH 7.0 and further diluted to 15.3 
per cent W/V. 

Respiration studies. Oxygen uptake was measured by 
manometric methods (Umbreit ef al., 1949). Each 
flask contained 1 ml of cell suspension, 1 ml of m/20 
phosphate buffer (pH 7.0), 0.2 ml of 10 per cent potas- 
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sium hydroxide, and 0.3 ml of substrate. The gas phase 
was air, the temperature 30 C. 


RESULTS 

Results of this study confirm those of Sabina and 
Pivnick (1956) and extend our knowledge of the micro- 
bial oxidation of components of soluble oils. Figure 1 
shows the oxidation of some soluble components by 
some bacteria but not by others. Only CP-12 (petro- 
leum sodium sulfonate), CP-13 (naphthenic acids) and 
CP-18 (polyoxyethylated nonylphenol) were resistant 
to all pure cultures and the selected mixtures. Com- 
pound CP-16 (sodium soap of wood rosin) was oxidized 
to only a slight extent by Pseudomonas no. 324 and by 
Pseudomonas oleovorans and Pseudomonas formicans 
(Sabina and Pivnick, 1956). However, the mixed culture 
evidently contained organisms which could oxidize it 
slowly but steadily. 

Figure 2 shows the oxidation of a series of ethylene 
glycolmonoethers. Methyl and ethyl ethers were quite 
susceptible to oxidation while the butyl ether was rela- 
tively resistant, being attacked only slowly by Pseu- 
domonas oleovorans. 


Figure 3 shows the susceptibility of the emulsified 
compounds to oxidation. All of the compounds tested 
except CP-8 (pale oil, a petroleum fraction) were sus- 
ceptible to at least one of the pure cultures of bacteria. 


DIscussION 


To appreciate the complex nature of microbial spoil- 
age of emulsions, one must recognize that extremely 
diverse chemical mixtures are present in a single oil and 
that these mixtures may vary from one oil to another. 
Also, the bacterial flora consists of many species in a 
single emulsion although a single species frequently 
predominates. Each species may carry out a portion of 
the breakdown process of a single molecule or may be 
mainly concerned with one type of molecule in the mix- 
ture. It is also quite possible that the predominating spe- 
cies will vary depending on changes in such conditions 
as temperature, pH, oxidation-reduction potential, con- 
centration of oil and type and amount of dissolved in- 
organic material in the emulsion. 

Although an understanding of the spoilage problem 
could demand many years of study, the work reported 
herein and in previous publications (Pivnick et al., 
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1955; Sabina and Pivnick, 1956) shows that soluble oils 
are oxidized by bacteria and that some components of 
soluble oils are more readily oxidized than others. It also 
shows that different species of bacteria vary in their 
capacity to oxidize a single compound. The latter fact 
could, however, be of little importance from an indus- 
trial standpoint because if a compound is readily at- 
tacked by even a single species in a bacterial mixture 
this species will soon predominate. 

The present studies have shown that fatty materials 
are readily oxidized by bacteria. Apparently the origin 
of the lipid material or subsequent treatment is of little 
importance because both animal and vegetable oils, 
whether in the natural state, sulfonated or sulfurized, 
were all readily oxidized. Moreover, fatty acids and 
synthetic derivatives of fatty materials were also sus- 
ceptible to bacterial attack. 

Petroleum is used by many microorganisms, the rate 
of utilization depending on the species of microorganism 
and the structure of the hydrocarbon molecule (ZoBell, 
1946, 1950). The petroleum compounds used in this 
study were pale oil, napththenic acids, and petroleum 
sulfonate. The latter is a sulfonated derivative of petro- 
leum. Obviously, these petroleum compounds were not 
oxidized at an appreciable rate under the conditions of 
these experiments and it is improbable that their 
degradation in soluble oils could be the major cause of 
emulsion failure. 

Various compounds, synthesized to obtain desirable 
molecular structures for soluble oil mixtures, varied 
greatly in their susceptibility to oxidation by bacteria. 
For example, polyoxyethylated nonylphenol (CP-18) 
Was resistant to microbial oxidation while CP-19, CP- 
20, and CP-21, also synthetic compounds, were very 
susceptible (figure 1). 

Slight changes in molecular structure of a synthetic 
compound may result in marked changes in its suscepti- 
bility to microbial oxidation. In the series of ethylene 
glycol monoethers (CP-24, CP-25, and CP-26) the 
methyl and ethyl ethers were readily oxidized while the 
butyl] ether was fairly resistant (figure 2). It would seem 
desirable, therefore, other things being equal, to use the 
butyl ether rather than the other two. In fact, one might 
test other members of this series, or similar series, in 
order to find those most resistant to microbial action. 

The ability of bacteria to oxidize soluble oils and 
components of soluble oils is, at present, only a matter 
of academic interest although this phenomenon may 
eventually be of use in studying emulsion spoilage. 
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However, at the present time, there are no data avail- 
able correlating the susceptibility of an emulsion to oxi- 
dation with its susceptibility to spoilage. Moreover, the 
relationship between oxidation and growth of bacteria 
in an emulsion is unknown. Studies are under way to 
clarify some of these problems. 
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SUMMARY 


Components of soluble oils vary in their susceptibility 
to microbial oxidation, and pure cultures of bacteria 
vary in their capacity to oxidize a single component. 
Compounds which were resistant to oxidation by all 
three pure cultures used in this study were generally 
resistant to mixtures of bacteria obtained from emul- 
sions used industrially. 

Fatty materials and derivatives of fatty materials 
were readily oxidized by bacteria while petroleum 
products and wood rosin soap were resistant. 

Synthetic compounds varied in their susceptibility to 
oxidation by bacteria. Polyoxyethylated nonylphenol 
was resistant. In a series of ethylene glycol monoethers, 
the methyl! and ethyl ethers were readily oxidized while 
the butyl ether was quite resistant. 
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Over the past half century the importance of bacteria 
in affecting the properties of Hevea latex has become 
increasingly apparent. Many of the early workers were 
familiar with a range 
sponsible for spoilage of latex, 


wide re- 
ammoniated field latex, 
ammoniated latex concentrate, and a number of rubber 
products such as smoked sheet, airdried sheet, and 


a search for specific 


of microorganisms 


crepe. This work was followed by 
bacteria with the underlying thought or implication 
that one species might be responsible for dominant 
changes and that a specific bactericide for this contami- 
nant would be a complete preservative for Hevea latex. 
The author views this second phase as unfortunate. 
There is much evidence, ranging from natural coagula- 
tion and putrefaction to the spotting of crepe and the 
manufacture of bubbly sheet, which suggests that a 
variety of organisms are responsible for latex spoilage. 
More important, the addition of almost any bactericide 
at low concentration brings evidence of the growth of 
resistant strains; this is particularly true of the anti- 
biotics. These general arguments were substantiated by 
the work of Mrs. H. M. Overton at the Rubber Re- 
search Institute of Malaya. Using frozen latex serum 
agar (Overton, 1953), she was able to isolate a wide 
range of organisms, with members of the genera Bac- 
(Ehrenberg), (Cohn), 
(Bizio), Bacillus (Cohn), and of the coli-aerogenes 
group being abundantly evident. This work was ex- 
tended by the author using a similar medium. However, 
it was difficult to assess the general implication of these 
results to wider areas (Taysum, 1956a). An attempt 


tertum Micrococcus Serratia 


was made, therefore, to design a synthetic medium 
capable of satisfying the seemingly fastidious demands 
of latex microflora. The final design bore a fairly close 
resemblance to Kligler’s iron agar medium. At the same 
time, it was shown that a wide variety of latex bacteria 
capable of growth from single cells on this medium 
were incapable of similar growth on a number of simple 
media, such as nutrient agar. 

Using modified Kligler’s iron agar, supplemented by 
studies on frozen latex serum agar and sheet- and skim- 
serum agars (Taysum, 1956b), it was possible to isolate 
some 1000 strains of bacteria from Hevea latex systems. 
It is the aim of this report to provide a list of the species 
identified. 
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MATERIALS AND METHODS 


In general, the procedure has been to culture bacteria 
from latex at various stages in its manufacture. Bacteria 
have been isolated from the following sources: 

(1) The tree (Hevea brasiliensis), using various 
techniques ranging from the provision of sterile tapping 
knife, sterile chute, and sterile collecting vessel to the 
grossly contaminated system of normal field practice. 

(2) The tapper’s collecting bucket, immediately after 
collection and again after transport to the factory. 

(3) The bulk factory ammoniating tank and the 
storage tank for ammoniated field latex (approxi- 
mately 0.3 per cent w/w ammonia). 

(4) Concentrated latex and ‘‘skim”’ immediately after 
centrifuging (no further addition of ammonia). 

(5) Concentrated latex immediately after the further 
addition of ammonia (to about the 0.7 per cent w/w 
level), in the first storage tank, in the factory bulking 
tank, and in the road or rail tanker before transport to 
the shore installation. 

(6) Ammoniated concentrate in road or rail tanker on 
arrival at the shore installation, (that is, after diffusion 
of contaminating bacteria and their growth or death 
in the incubated system; the tankers stand for hours in 
direct tropical sunlight), from the shore installation 
tank, from the ship’s tank on departure, from the ship’s 
tank on arrival at port of destination, and from the 
shore installation tank at the destination port. 

It is not out of place to indicate the comparative ease 
with which a large collection of species may be accumu- 
lated. Figure 1 shows the result of one of the simplest 
possible experiments in which the bacteria are isolated 
from the latex of a single tree taken into a sterile con- 
tainer; a sterile tapping knife but normal (dirty) chute 
are used. It is evident that a population of about ten 
million bacteria per ml is present. The colonies were 
fully apparent after incubation for 18 hr although the 
photograph was taken after incubation for 3 days, to 
improve contrast. From these plates, 12 different species 
were isolated. Figure 2 shows the bacteria from the 
latex in the tapper’s bucket; gas-producing species are 
evident. Figure 3 is of the widely differing bacterial 
population of fully ammoniated latex concentrate. The 
plates in figures 2 and 3 are after incubation for 5 days. 
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The organisms are classified using the keys of Bergey’s 
Manual of Determinative Bacteriology, Breed et al. 
(1948). It has been based upon morphologic studies 
using phase contrast, interference, and fluorescence 
microscopy, and on biochemical studies using 14 to 20 
carbohydrates and a variety of protein sources. Gram 
stains and flagellar stains were employed routinely but 
spore stains were resorted to only when the interfer- 
ence methods gave reason for doubt. It is believed 
that in most cases the details of classification have 
exceeded that of the published literature but, where 
doubt remains, this has been clearly indicated. In 
general, there are two aspects of doubt: doubt that the 
organism is the one named (there being no reasonable 
doubt of the organism being a regular latex con- 
taminant; this is indicated by an interrogation mark 
after the name of the organism), and doubt that the 
organism has any permanent habitat in latex systems 
(that it is anything more than a transient passenger). 
It is thought that these two difficulties have been 
fully presented in the analysis. 

If anything, the list is too conservative because it 
has avoided the tendency to name new species in an 
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entirely unexplored field. In the family of the Bacil- 
laceae there is, however, good evidence for new species 
and a number of these have been suggested. Because of 
continued contact with ammonia over years, many of 
the bacteria demonstrate remarkable resistance to 
ammonia and to high pH conditions in general; growth 
in such systems is the rule rather than the exception. 
The author has made no distinction between ammonia- 
resistant strains and similar bacteria from neutral 
sources; there is much evidence to support the view that 
this resistance has been bred. 


RESULTS 


Below are listed the species isolated from Hevea 
latex systems in a study lasting some 4 years and 
involving the isolation of about 1000 strains. For fresh 
latex, the extent of the study has been limited mainly to 
the State of Selangor; for ammoniated field latex, the 
area covered is virtually the Federation of Malaya, 
samples having been taken from Kedah (within sight 
of the Siam border) to Johore; for ammoniated con- 
centrate, the scale of operation is sensibly unlimited and 





Figure 1. The bacterial population of latex from a single tree (Hevea brasiliensis). 
Inocula: (upper left) 1 ml X 10~'; (upper right) 1 ml XK 10-*; (center) 1 ml X 10-*; (lower left) 1 ml XK 10-4; (lower right) 1 ml X 10%. 
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in these tests extended as far as the installation tank 
at the port of destination. 

Family Nitrobacteriaceae. The existence of these two 
species reflects the frequency with which latex is in- 
oculated with soil (table 1). 

Family Pseudomonadaceae. This family is very widely 


distributed in Malayan waters and, hence, in fresh 





Figure 2. A single plate (inoculum 1 ml X 10~°) derived 


from latex in the tapper’s bucket, at the factory. 
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latex; the species grow readily on serum agar on which 
the members of the genus Pseudomonas produce a 
striking ultraviolet fluorescence. The numbers occur- 
ring are never large. Their occurrence again reflects 
the gross contamination of latex by soil and water under 
normal field conditions (table 2). 

Family Azotobacteriaceae. The occurrence of the 
species again indicates soil inocula (table 3). 

All the species of tables 1-3 have little or no resist- 
ance to ammonia; their occurrence in ammoniated 
systems is often transient and short lived. It should be 
emphasized, however, that death of an organism on 
ammoniation still leaves the latex system with the 
enzymic complement of that organism. Although in- 
hibited by the high pH system and the high ammonia 
concentration, the activity of these enzymes may be 
considerable when measured over months. 

Family Micrococcaceae. This extremely important 
family occurs widely in fresh latex. The individual 
species frequently show a preference for high pH condi- 
tions and are widespread in ammoniated latex con- 
centrate. The pigmentation is often great and the 
organisms form a closely homogeneous group (table 4). 

Family Lactobacteriaceae. A pH decrement of 1.9 
(7.8 to 5.9) is that required for yellowing of the modified 
Kligler’s iron agar medium; organisms that give this 


color change are designated ‘strong acid-producing 





Figure 3. The bacterial population of fully ammoniated latex concentrate (NH; 1.86 w/w, on the water phase). 
Inocula: Top (left) 5 ml; (center) 2 ml; (right) 1 ml; Bottom (left) 1 ml X 10; (center) 1 ml X 10-?; (right) 1 ml X 107%. 
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TABLE 1 
Isolates from family Nitrobacteriaceae 
Site of Usual Occurrence 
Designation Ammo- 
a a Ammoniated niated 
Fresh latex field latex latex 
conc 


Rare 


Very rare 


Rare 
Very rare 


Nitrosomonas monocella 
Nitrosococcus nitrosus 


TABLE 2 


Isolates from family Pseudomonadaceae 


Site of Usual Occurrence 


Designation 
= Ammo- 


niated 
latex conc 


Ammo- 
_niated 
field latex 


Fresh latex 


Pseudomonas fluorescens. Fairly 
common 


Pseudomonas sp. Fairly 


common 

Pseudomonas sp Fairly — 
common 

Acetobacter aceti. Rare 

Acetobacter suboxydans. .. Rare 

LOL) re at Rare 

Desulfovibrio desulfuricans Rare 

Spirillum serpens. Rare 


TABLE 3 


Isolates from famiiy Azotobacteriaceae 


Site of Usual Occurrence 


Designation Ammo- 
ae Ammoniated niated 
Fresh latex field latex latex 
conc 
Azotobacter chroococcum Fairly Fairly ‘4 
common common 


strains.’’ Many of the organisms thus defined belong to 
the family Lactobacteriaceae (table 5). The group as a 
whole survives ammoniation up to 0.8 per cent on the 
water phase and represents the dominant population of 
ammoniated field latices; thus up to 97 per cent of the 
population of ammoniated field latex may belong to this 
family. The family as a whole is detected fairly well by 
the volatile fatty acid test (Philpott and Sekar, 1953) 
although members of Lactobacillus are not. Survival in 
fully ammoniated latex concentrate is commonly found 
under present-day conditions; this position could be 
radically altered by an improvement in factory hygiene. 

Also within this family fall the “minute streptococci’”’ 
of the Lancefield groups F and G. These organisms are 
difficult to classify and little is known of their metabo- 
lism. They are strong acid-producers on the modified 
Kligler’s iron agar, although the acid production per 
colony is small. 


rr ra TY 
rAYSUM VOL. § 
TABLE 4 
Isolates from family Micrococcaceae 
| Site of Usual Occurrence 
Designation | j 
| | Ammoniated Ammoniate 
Tonal lator | n ! lated 
Fresh latex | field latex atex conc 
| 


Micrococcus 


com- | 


luteus Fairly | Fairly 
| common) mon 
Micrococcus | 
flavus — | Rare | 
Micrococcus 
candidus | Very | Very common Very common 
| common! 
Micrococcus pyo- 
genes var. | 
aureus Rare 
Micrococcus 
citreus - — _— Rare 
Micrococcus | 
aurantiacus....| Very | Very common | Very common 
common 
Micrococcus 
cinnabareus.... Consistently 
occurring, 
initially in 
small 
numbers | 


M icrococcus 
roseus. Consistently | Consistently 
occurring, | 
initially in 


occurring, 
initially in 


small small 
| numbers numbers 
Gaffkya tetra- | 
gena(?) | Fairly 
zy | 
common) 
Sarcina lutea....| Common | Common | Common 
Sarcina flava | Fairly fairly com- | Fairly com- 
common) mon mon 
ii | | 
Sarcina | 
aurantiaca fe — Consistently 
occurring in 
small num- 
bers 


Family Corynebacteriaceae. Table 6. 

Family Achromobacteriaceae. Table 7. 

Family Enterobacteriaceae. This group of closely 
related organisms is of widespread occurrence; in fresh 
latex they predominate at early times and they survive 
0.3 per cent ammoniation to a marked extent. Per- 
manent survival in ammoniated concentrate is rare. 
(table 8). 

The Salmonella and Shigella. At least three species of 
Salmonella are commonly present in latex; inasmuch as 
no antigenic analysis has been performed, the naming 
of species is best delayed. 

A similar position must be taken with regard to the 
genus Shigella where evidence for two species is forth- 
coming. 

Family Bacteriaceae. Widely distributed, often in 
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TABLE 5 


Isolates from family Lactobacteriaceae 


Site of Usual Occurrence 
Designation 


Ammoniated 
latex conc 


Ammoniated 


Fresh latex Geil lates 


Streptococcus | 
pyogenes Fairly rare 

Streptoceccus 
agalactiae 

Streptococcus lactis. 


Fairly rare — 
Fairly rare | Fairly rare 
Very com- | Very com- 
mon mon mon 


Very com- 


Streptococcus 





cremoris Common Common Common 
Streptococcus 
faecalis . Rare | Rare _- 
Streptococcus lique 
faciens (?).... Rare Rare — 
Streptococcus foe 
tidus (?) Rare | Rare = 
Streptococcus lance | 
olatus (?) Rare | Rare | — 
Lactobacillus lactis... Rare | Rare | Outbreak 
Lactobacillus casei... Rare | Rare | Rare 
Microbacterium lac 
ticum Rare Rare — 
Propionibacterium 
freudenreichii Rare | Rare — 
Propionibacterium 
zeae. . Fairly com- | Fairly com- | Fairly com- 
mon (small; mon (small) mon (small 
numbers) numbers) numbers) 
Propionibacterium 
shermanii Moderately | Moderately — 
rare | rare | 
Propronibacterium | 
pentosaceum Outbreak ? | 
Propionibacterium 
jensenti Outbreak | ? — 


Propionibacterium | 
Fairly com- — 
mon mon 


petersonii . Fairly com 


Butyribacterium 


rettgert.... | Outbreak | Outbreak 
Leuconostec mesen | | 
teroides.. Moderately | 
rare | 


small numbers, the metabolic functions of this family 
are difficult to define (table 9). 

Family Bacillaceae. These organisms are the most 
persistent survivors in ammoniated latex concentrate 
(table 10). 

Family Actinomycetaceae. Table 11. 

Family Streptomycetaceae. Table 12. 

Family M ycobacteriaceae. Table 13. 

DISCUSSION 

It is evident that an amount approaching 100 species 
are present in these latices. It is also evident that many 
of these species become important under individual 
ecologic conditions. The phenomena of symbiosis and 
antibiosis are frequently encountered. No individual 


TABLE 6 


Isolates from family Corynebacteriaceae 


Site of Usual Occurrence 


Designation Oe ae ee a Sy eck ee ee 
Fresh | Ammoniated Ammoniated latex 
latex | field latex conc 
pce a A AOI en | Le = ee 
Corynebacterium | | 
michiganense...... | — | Moderately | Moderately 
| rare | rare 
Corynebacterium | 
TOSOUNB koe — Moderately | Moderately 
rare | rare 


TABLE 7 


Isolates from family Achromobacteriaceae 


Site of Usual Occurrence 


Designation penaie: i 
Fresh latex Ammoniated field ated latex 
atex i 
conc 
Alcaligenes sp...... | Moderately Moderately — 
rare rare 
Flavobacterium 
aquatile (?)...... | — Rare Rare 
Flavobacterium arbo- 
TESCENS........0%. — Rare Rare 
TABLE 8 
Isolates from family Enterobacteriaceae 
Site of Usual Occurrence 
Designation 
Ammoniated Ammoniated 


| Fresh latex 


field latex latex conc 


Escherichia coli........| Fairly Rare 2 
common 

Escherichia freundii...| Fairly Rare ? 
common 

Aerobacter aerogenes...) Common Fairly Rare 

common 
Aerobacter cloacae . Fairly rare | Rare Rare 
Intermediate Type I 
COMPO 6.54 ss 5 Very com- | Common Rare 

mon 

Intermediate Type II 

COMIORNIE 5 5 5.6500: Rare Very rare ? 
Erwinia  nimipres- 

RAMONES sec s.2 os hs Rare Rare 
Serratia marcescens... .| Common Rare Very rare 
Serratia indica........| Rare — 
Proteus vulgaris... . Fairly Fairly Rare 

common rare | 


Proteus mirabilis...... | Rare 


species can explain the wide variety of metabolic 
reactions which latex exhibits. The chief characteristic 
of this study is the diversity of the infection; it seems 
unlikely that any highly specific bactericide acting at 
very low concentration (of the order of a few parts per 
million) will be found for latex. Progress will be through 
broad spectrum antibacterial agents acting at fairly 
high concentrations. Mixtures of bactericides will 
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probably be required to avoid adaptation in an industry 
where economic and political conditions combine to 
make exact supervision exceedingly difficult. 

In the classification itself there are obvious difficul- 


TABLE 9 


Isolates from family Bacteriaceae 


Site of Usual Occurrence 


Designation . 
oe Ammoni- 
Fresh latex penned field ated latex 
atex . > 
conc 
Bacterium mutabile Rare 
Bacterium mycoides Fairly rare Rare 
Bacterium fuloum Common Fairly com- Rare 
mon 
Bacterium zenkeri Very common Rare Rare 


Bacterium zopfi (?) Rare 


TABLE 10 
Isolates from family Bacillaceae 


Site of Usual Occurrence 


Designation 
Ammoniated 
latex conc 


Ammoniated 
field latex 


Fresh 
latex 


Bacillus subtilis Very com- | Common Fairly rare 


mon 
Bacillus coagulans Rare 
Bacillus megaterium Fairly Fairly Fairly 
common common common 
Bacillus cereus var. 
mycoides Common Common Very com 
mon 


Bacillus polymyra (?).| Very rare 


Bacillus circulans... Fairly rare | Rare Fairly rare 
Bacillus macerans Very rare 
Bacillus sphaericus Fairly rare | Rare Fairly rare 
Bacillus sp. ? tare Fairly rare 
Bacillus sp. ? ? Fairly rare 
Bacillus sp. Rare tare Rare 
Bacillus sp. ? ? Fairly rare 
Bacillus sp. ? ? Rare 
Clostridium perfringens, Fairly Fairly Fairly 
common common common 
Clostridium tetani Rare Rare Rare 
Clostridium nigrificans. Fairly rare 
Clostridium roseum Common 
Clostridium sp. ? ? Fairly rare 
Clostridium sp. - ? ? Fairly rare 


TABLE 11 


Isolates from family Actinomycetaceac 


Site of Usual Occurrence 


Designation 
Ammoniated 
latex conc 


Fresh 


Ammoniated 
latex 


field latex 

Nocardia polychromo- 
genes (?) 

Nocardia leishmanii 


Very rare 
Very rare 
Rare 
Common 


Nocardia flavescens 


Nocardia flava Common 


Nocardia salmonicolor Fairly com- | Fairly com- 


mon mon 
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TABLE 12 


Isolates from family Streptomycetaceae 


Site of Usual Occurrence 


Designation 
Fresh Ammoniated Ammoniated 
latex field latex latex conc 
Streptomyces albus Com- Com- Common 
mon mon 
Streplomyces coelicolor Com- Com- Common 
mon mon 
Streptomyces sp..... ; ? Fairly 
common 
Streptomyces sp..... ? Fairly 
common 
Micromonospora fusca Rare 
Micromonospora vulgaris Rare 


TABLE 13 


Isolates from family Mycobacteriaceae 
Site of Usual Occurrence 


Designation 


Fresh Ammoniated Ammoniated 
latex field latex latex conc 
VW ycobacterium phlei Rare 


ties. Bacillus polymyxa (Prazmowski) is a very rare 
contaminant mainly of field latex but its precise defini- 
tion is open to doubt; a variant of the organism is 
Bacillus pandora (Corbet) one important distinguishing 
criterion being quebrachitol fermentation. The author 
can find no member of the genus Bacillus (Cohn) which 
ferments quebrachitol and which occurs regularly in 
latex systems, hence polymyxa is preferred. Even 
ignoring pandora, the definition of polymy.xa implies 
an ability to ferment lactose which is not apparent in 
Hevea \atex strains. Further, in the genera of the 
Bacillaceae there is evidence for new species. There are 
at least five species existing in the genus Bacillus which 
are characterised by long rod-shaped cells and markedly 
wrinkled colonies, their common habitat is fully am- 
moniated latex concentrate. It is not clear whether 
these properties are truly representative of a given 
original type species; while the properties are main- 
tained on subculture, they might still represent some 
permanent mutation to an L-form, this mutation 
having been induced by the abnormal conditions of 
growth in this highly inhibitory system. For this rea- 
son, no attempt has been made here to name new 
species. 

Despite these difficulties, which are largely intrinsic 
to taxonomic studies in general, the over-all picture is 
clear and represents a sound basis for further develop- 
ments. The first of these must be towards general hy- 
giene; a departure from the present insanitary condi- 
tions obtaining in the more remote areas. 
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Messrs. Graham, Gopal, and Kandasamy for many 
of the samples. This work forms part of a research pro- 
gram on the bacteriology of Hevea latex undertaken by 
the Board of the Rubber Research Institute of Malaya. 
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GENERAL DESCRIPTION 


Nearly all nonionic surfactants have the ability to 
solubilize some iodine, the more efficient ones taking 
up to 25 to 28 per cent available iodine (table 1). How- 
ever, mere solubilizing should not be considered to be 
synonymous with complexing. Pronounced differences 
are detectable in toxicity, germicidal capacity, iodine 
vapor pressure of dilute solutions, and other properties. 

Of the nonionics, those produced by ethoxylation are 
more numerous and have received the most attention 
in surfactant-iodine studies. Surfactant-iodine com- 
plexes, however, are not by any means restricted to 
ethylene oxide condensates or even to nonionics. 
Anionics and quaternary ammonium compounds can 
act in a similar capacity. (Cantor et al., 1956; Darragh 
et al., 1952; Moore and Hardwick, 1956; 
Haas Co., 1954). 

In preparing the surfactant-iodine complex, the 
iodine is generally added to the nonionic surfactant 
and heated to 130 to 150 F to expedite solution of the 
iodine and stabilize the end product. The reaction be- 


tohm and 


tween the iodine and surfactant is exothermic, pro- 
ducing a rise in temperature dependent on the type of 
surfactant and ratio of surfactant to iodine. If the 
added iodine does not exceed the solubilizing limit of 
the surfactant, the end product will be completely and 
infinitely soluble in water. Such aqueous solutions 
possess the dark brown to amber color of iodine in 
water or in tinctures. When applied to the skin or to 
cotton fabric, there is no stain that cannot be removed 
with soap and water. 

There is a color reaction with starch, although in 
some cases it is somewhat modified and not always a 


‘Presented in part before the American Chemical Society, 
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typical starch-iodine blue. The evaporation rate of 
iodine from dilute aqueous solutions is much slower 
after complexing with appropriate nonionic surfactants 
(table 2). 

Acute oral toxicity studies, skin irritation and sensi- 
tization studies, and eye irritation studies show that 
this type of germicide is exceptionally safe to warm 
blooded animals under normal conditions of use (Cantor 
et al., 1956). 

The surfactant-iodine type of germicide is unique in 
that there is a close relationship between color and 
antibacterial action. The visible amber color disappears 
when the titratable iodine drops to about 6 to 8 parts 
per million. In several standard bacteriological testing 
procedures which are important for evaluating disin- 
fectants, the end point of the biological test is at ap- 
proximately the same iodine level. This is in contrast 
to most other disinfectants or sanitizers that look just 
the same when freshly diluted for use and after bac- 
tericidal capacity is exhausted. 

The surfactant-iodine type germicides have very low 
temperature coefficients and therefore can be used 
efficiently with either warm or cold water (Cantor 
and Shelanski, 1951b). 


COMPOSITION 


During the process of solubilizing iodine in nonionic 
surfactants, there is a definite loss of free titratable 
iodine due to iodination of the surfactant and forma- 
tion of an acid (possibly HI). 

In one experiment, an iodophor was prepared by 
mixing 90 per cent of a polyethoxy polypropoxy glycol 
with 10 per cent iodine for 45 min at 150 F. Immediately 
after preparation, the iodophor contained 7.33 per cent 
titratable iodine which decreased to 6.5 per cent after 
storage in a stoppered bottle for 2 weeks at 125 F and 
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TABLE 1 


Iodine solubilizing power of various nonionic surfactants 


Maximum of 
Titratable 


Iodine Lost 


: Non- Total hy ing Re 
Surfactant ee Tota lodine During Re 
ionic lodine sas action with 
Solubilized “een atic 
by Nonionic* i 
( ( ( ( 


Nony!] pheny] ether of 
polyethylene glycol.| 71 29 20-22 30-35 
Polyethoxy polypro 


poxy polyethoxy 
wiycol...... 55 15 27-29 10-45 
Tridecyl polyethoxy 
ethanol... 75 25 15-17 30-35 
Polyethylene — glycol 
ether of bis (dial 
kylhydroxypheny!]) 
methane eae 80 20 13-15 25-30 
Polyethylene — glycol 
monolaurate. | 79 21 13-15 30-35 
Dodecyl  dipolyoxy 
ethylene phosphate 
ES erie sed wee 25 10-12 60-75 
Bi 7 25 19-21 25-40 
Polyoxyethylated cas 
tor oil. 87 13 6-8 40-45 


* Solubilizing power and iodine loss was 


determined by 
reacting the iodine with the nonionic at 65 C for 1 hr with 
agitation, using 200 g of total material. Solubilizing power 
refers to the maximum concentration of titratable iodine in 
the nonionic which will dilute in water without the elemental 
iodine precipitating. 


TABLE 2 
Evaporation raie of surfactant-iodine complex in dilute aqueous 


solutions compared with diatomic iodine 


Ratio of | Initial | 12 Conc| 2 Conc! Tz Conc, 12, Re- 
Chemical Nomionic | 1, Conc| at the | at the | at the |, ™@ins 
C ss to Titrat- : ? fi EP cor ; in Solution 
omposition stip in | End of End of End of at Ain aia 
Sodline Water 2 Hr 4 Hr 6 Hr of 6 Hr 
ppm % 
Surfactant-iodine 8.3:1 110 | 63.5. 38 25.4 23.1 
complex A 
Complex A with | 11.2:1 97.5, 59 12.3 | 28.8 | 29.0 
5% extra sur- 
factant 
Diatomic iodine - 10621 8 0 0 


* 30 ml containing approximately 100 ppm of iodine is 
placed in a 250 ml glass beaker at 25 C between 45 and 50 per 
cent humidity. Titrations are conducted on the initial dilution 
and then made at intervals of 2, 4 and 6 hr. 


to 6.4 per cent after 4 weeks under the same conditions. 
At the end of the 4 weeks storage, the total iodine con- 
tent was determined using a semimicro peroxide bomb 
method for halides in organic compounds. Total iodine 
in this particular sample was 9.75 per cent. Repeated 
analyses of the same sort have shown that the amount 
of iodine lost by vaporization is negligible and prac- 
tically all of the iodine used remains in the system. 

An aqueous solution of the same iodophor-iodine 


[voL. 5 


complex was treated with dilute sodium hydroxide con- 
verting the free iodine to iodide and iodate. The solu- 
tion was then heated to boiling in order to separate 
out the polyethoxy polypropoxy polyethoxy glycol. The 
separated surfactant was then washed several times 
with dilute sodium hydroxide, heating each time to re- 
separate the surfactant. This was repeated until the 
washings no longer gave a positive test for iodides. Any 
iodine remaining with the surfactant would be in the 
form of an organic iodide. A Paar bomb analysis was 
then carried out on the surfactant which was found to 
contain 1.42 per cent iodine. Although this is considera- 
bly less than half of the missing 3.5 per cent, it is quite 
likely that the repeated washings diluted the surfactant 
to some extent. The procedure does provide evidence 
that the surfactant has become iodinated. 

It has also been observed that iodophor-iodine com- 
plexes dissolved in distilled water produce lower pH 
values than an equivalent amount of iodine dissolved 
in water: 0.03 per cent iodine in distilled water has a 
pH of 4.2; 0.03 per cent of available iodine from a sur- 
factant-iodine complex had a pH of 3.1. 

A pH study was made on an iodophor-iodine series 
to determine the relationship, if any, between hydrogen 
ion concentration and loss of 
(tables 3 and 4). 

The results obtained show that the acid formed is in 
proportion to the original total iodine used in preparing 
the complex and, when calculated as HI, is approxi- 
mately half the difference between total iodine and 
free titratable iodine. It should be noted that although 
the loss in titratable iodine varies widely depending 


free titratable iodine. 


upon the surfactant used, the loss in any specific sur- 
factant is fairly constant (in per cent loss) regardless of 
the initial iodine content (table 3). 

The reaction between the iodine and surfactant ap- 
pears to reach an equilibrium point beyond which only 
a negligible loss of iodine occurs. We have found this 
equilibrium point to be quite dependent on the iodide 
content within a given surfactant-iodine system. Thus 
in a series of surfactant-iodine complexes prepared with 
various amounts of concentrated HI, it was observed 
that the equilibrium point was reached immediately 
after preparation with the available iodine in propor- 
tion to the HI added (table 5). 

It has been demonstrated that similar results are ob- 
tained with surfactants other than the particular one 
used here. Furthermore, potassium iodide produces 
results analogous to the addition of hydriodie acid. 

The behavior of surfactant-iodine complexes might 
be explained on the basis of the equilibrium: R + lL = 
RI + HI where R is used to represent the surfactant. 
In further support of this idea, it has been found that 
removing the iodides formed, by oxidation to iodine, 
results eventually in further loss in available iodine, 
presumably due to increased iodination of the sur 
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TABLE 3 


pH Study of surfactant-iodine complezes 


Composition: Ratio of 


f Surfactar 
Surfactant to Iodine urfactant 


90:10 Nony! pheny] ether of polyethylene glycol 
95:5 Nonyl pheny] ether of polyethylene glycol 
96.7:3.3 Nony! pheny! ether of polyethylene glycol 
97 .5:2.5 Nony] phenyl] ether of polyethylene glycol 
90:10 Polyethoxy polypropoxy polyethoxy glycol 
95:5 Polyethoxy polypropoxy polyethoxy glycol 
96.7:3.3 Polyethoxy polypropoxy polyethoxy glycol 
97 .5:2.5 Polyethoxy polypropoxy polyethoxy glycol 


TABLE 4 
Relationship of acid formation, when calculated as HI, from pH 
values given in table 3, to loss of titratable iodine 


in surfactant-iodine system 


Ratio Sur Titrat- |Loss of | One-half | a, id Cal 

— Surfactant able Free — culated 

Bate Iodine | Iodine Stine as HI 

90:10 | Nonyl phenyl ether 7.4 | 2.6 1.3 1.59 
of polyethylene 
glycol 

95:5 Nonyl pheny] ether 3.9 = 0.55 0.86 
of polyethylene 
glycol 

%6.5:3.5) Nonyl phenyl ether: 2.5 | 1.0 0.50 0.54 
of polyethylene 
glycol 

97.5:2.5 Nonyl phenyl] ether, 1.78 | 0.72 0.36 0.39 
of polyethylene 
glycol 

90:10 | Polyethoxy poly 6.00 4.0 2.0 2.08 
propoxy poly 
ethoxy glycol 

95:5 Polyethoxy poly 2.80 | 2.2 ‘3 1.01 
propoxy poly- 
ethoxy glycol 

96.5:3.5 Polyethoxy poly 1.801 4.7 0.85 0.58 
propoxy poly- 
ethoxy glycol 

97.5:2.5 Polyethoxy poly 1.38 | 1.12; 0.56 0.42 


propoxy poly 


ethoxy glycol 


factant. Also, it is likely that the formation of I;-, 
after the initial reaction between the iodine and sur- 
factant, plays some part in the equilibrium status of 
the system. 


MICROBIOLOGICAL DATA 


A direct comparison of available iodine in one sur- 
factant-iodine complex with available chlorine from 
hypochlorite, is described by Ortenzio (1955), using : 
modification of the Cantor-Shelanski capacity test 
(Cantor and Shelanski, 195la). Under these conditions, 
25 ppm of available iodine is approximately equal to 


Weight of 


Titratable Sample in 
; ) 


Tada aeante pH Conc of H* 
% g m/L 

7.4 0.1006 3.90 1.26 XK 1074 
3.9 0.1002 22 6.76 XK 10-5 
2.5 0.3310 3.85 1.41 & 1074 
1.78 0.5005 3.81 1.55 X 10-4 
6.00 0.1020 3.78 1.66 XK 1074 
2.80 0.1005 4.10 7.95 X 10-5 
1.80 0.3135 3.85 1.41 X 10-4 
1.38 0.4630 3.8] 1.55 X < 


10 


TABLE 5 
Effect of addition of HI to a surfactant-iodine complex 


Sample | Ether of Poly- | ,9f,. 47 Percent Free Ts FSi Ja, Mtr 
ethylene Glycol Se 125 F 

I 94 5 ] 4.57 4.27 

2 93 5 2 1.75 4.72 

3 91 5 } 4.90) 5.10 

4 95* 5 0 4.50 3.80 


* Control. 


TABLE 6 
tesults of Chambers modification of the Weber and Black Test 
method on surfactant-iodine complex 


(formulation given in text 


Test 30 Sec 60 Sec 120 Sec 
Water |— 
Hard- | Avg No. Avg No Avg No 
: Sadi! Per cent Seat Per cent be Per cent 
= emg Reduction —% Reduction — Reduction 
l per ml 
ppm 
25 ppm of available iodin 
600 10— 99 .999+- 10— 99 . 999+ 10— 99 .999+ 
800 35 99.999+ 10— 99.999+ 10— 99 .999+ 
1000 450 99 . 999+ 25 99 .999+- 10— 99 .999+- 
12.5 ppm available iodine 
600 400 99.999+ 10— 99 .999+ 10— 99 .999+ 
800 700 99.999+ 50 99.999+ 10— 99 .999+- 
1000 900 99.999+), 90 99 .999+ 10— 99 999+ 
Bacterial suspension 1 ml] + 99 ml buffered water. 
] 
Initial count = 105,000,000. 


Final count = 95,000,000. 


200 ppm of available chlorine. Although within the 
range of allowable variation in the method, 12!5 ppm 
of available iodine is slightly inferior to 100 ppm of 
chlorine and 614 ppm of iodine is slightly inferior to 
50 ppm of chlorine. 

The Chambers modification of the Weber and Black 
test method (Chambers, 1955, 1956) was run for us by 
Hudson Laboratories using the synthetic hard water 
described in the Federal Register of Sept. 19, 1956, and 
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TABLE 7 
Sporicidal activity of surfactant-iodine complex (formulation in 
text) tested by method described by Ortenzio et al. (1953) 


Constant 
Boiling 


Exposure Time Hydrochloric 


. Available in Hr Acid Ex 
Organis ea ee Ti 

rganisms lodine posure Time 
in Min 


4 6) 8 |10 12 18 24) 5 | 10, 15) 30 


ppm 
Bacillis subtillis 
200 +/+ 
300 +/+ 
400 +\+ Cemae ta 
500 +! 0 
0 
Clostridium _ per- 
fringens 
200 +/+ 
300 4+|4 
400 +/+ $j tt} 4 
500 + 0 
0 
Clostridium tetani 
200 +/+ +- + 
| 300 |+/+ 
| 350 +0 
' 400 +|4 
500 +/+/+/+! o| 0} o+/4+/4+/4 
+| 0 0 
600 +i+) 0| 0 


= Growth. 


she 
| 


0 = No growth. 


using Escherichia coli strain ATTC-11229 as the test 
organism. The surfactant-iodine complex involved had 
the following composition: Phosphoric acid, 15.95 per 
cent; nonyl phenyl ether of polyethylene glycol-iodine 
complex, 12.60 per cent; polyethoxy polypropoxy 
polyethoxy glycol-iodine complex, 4.85 per cent (provid- 
ing 1.75 per cent available iodine); water, 66.60 per 
cent. 

Results (table 6) show that a dilution of the product 
containing 1214 ppm of available iodine destroys 
99.999+ per cent of the test organism within 30 sec 
when the dilution is made with water containing up to 
1000 ppm total hardness. We have not had occasion to 
try harder water. 

Earlier tests with this same product were also con- 
ducted by the Hill Top Research Institute, Inc., using 
the same technique and using both F. coli 11229 and 
Micrococcus pyogenes var. aureus strain S209. They 
used both distilled water and local well water. Levels as 
low as 6.25 ppm of available iodine resulted in 99.999 
per cent kill within 30 sec. 

A microbiological test procedure with important 
regulatory significance has been described by Ortenzio 
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TABLE 8 
Results of original Cantor-Shelanski Capacity Test comparing a 
surfactant-iodine compler at 50 ppm available iodine with 
sodium hypochlorite and a quaternary at 200 ppm. All tests 
were carried out at 16 C to emphasize the efficiency of iodine 
when diluted with cold water 


Increments* 
Organism 


Surfactant Sodium Oia tecnaie 

iodine —_ hypochlorite ary 
Salmonella typhosa 7 3 5 
Micrococcus pyogenes var. aureus 7 3 { 
Salmonella pullorum 6 2 () 
Pseudomonas aeruginosa j l 0 
Trichophyton interdigitale S 2 0 
Penicillium luteum 3 0 0 
Saccharomyces cerevisiae 1 ] 0 
Total 39 12 9 


* Increments are successive additions of whole milk and 
broth culture added at 10 min intervals prior to detection of 
bacterial growth. 


TABLE 9 
Viricidal action of surfactant-iodine complex (25 ppm available 
iodine) versus Newcastle Disease Virus 


. No. of Lethal Doses ae a nee : 
Controls of Virus/Egg Dead in 3 Days Survivors 


} 105 4/4 0/4 
4 108 4/4 0/4 
1 10 4/4 0/4 
Surfactant-iodine No. of Lethal 
complex: iodine Doses of Contact Time Survivors 
conc Virus/Egg 
bpm 
25 105 30 sec 4/4 
25 108 30 sec 4/4 
25 10 30 see 4/4 
25 105 1 min 1/4 
25 108 1 min 4/4 
25 10 1 min 4/4 


et al. (1953). Label claims for sporicidal action should 
be based on results obtained by this technique to be 
acceptable for registration. Using a surfactant-iodine 
complex of the following composition: Polyethoxy poly- 
propoxy polyethoxy glycol-iodine complex, 7.75 per cent; 
nonyl phenyl ether of polyethylene glycol-iodine com- 
plex, 7.75 percent; hydrogen chloride, 0.10 percent; water, 
84.40 per cent (providing 1.6 per cent available iodine). 
Sporicidal activity was tested by this method with 
results given in table 7. 

This same composition also meets the requirements 
of the “Use Dilution Confirmation Test” (Stuart et al., 
1953) at a dilution containing 75 ppm available iodine. 
This is a test method used to confirm label recommenda 
tions for diluting a disinfectant; particularly where 
the dilutions are a result of phenol coefficient deter- 
minations. In this procedure, small metallic cylinders 
are immersed in a broth culture of the test organism 
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and then allowed to dry for 30 min prior to a 10 min 
immersion in the disinfectant as diluted for use. The 
disinfectant must penetrate the dried film on the cyl- 
inders and give complete kill on 10 replicate cylinders 
for each of two different bacterial cultures. 

To further evaluate the above composition, the 
original Cantor-Shelanski Capacity Test (Cantor et al., 
195l1a) has been used with a variety of microorganisms 
of institutional or industrial significance. The original 
Cantor-Shelanski Capacity Test is specified because 
two modifications have been described (Stuart, 1954; 
Ortenzio, 1955) since the initial publication. In this 
test procedure, a mixture of whole milk and broth cul- 
ture of the microorganism is added to a proposed use 
dilution of the disinfectant. Successive increments are 
added at 10 min intervals. Thirty seconds after each 
addition, a transfer is made into sterile broth contain- 
ing a suitable inactivator to eliminate possible effects 
of bacteriostasis. This technique makes it possible to 
determine the relative capacity of a germicide to kill 
before proteinaceous contamination has exhausted its 
capacity. 

The results of this test (table 8) show the surfactant- 
iodine complex to be quite superior to both sodium 
hypochlorite and a quaternary ammonium compound 
against all organisms tested. 

The viricidal action of one surfactant-iodine complex 
Was investigated for us by the Industrial Toxicology 
Laboratories using Newcastle’s Disease Virus. Allantoic 
fluid suspensions were added to dilutions of the sur- 
factant-iodine complex to yield concentrations as indi- 
cated in table 9. At the end of the designated contact 
time, 0.1 ml of the virus-germicide mixture was in- 
jected into the allantoic fluid of fertile chick eggs. The 
eggs were incubated and examined for evidence of ac- 
tivity of the treated virus material. The results given 
in table 9 show viricidal action at 25 ppm of available 
iodine within 30 sec against this virus. 

In addition, the poliocidal action of the above sur- 
factant-iodine complex was studied in the virology 
laboratory of an Eastern medical school. HeLa cell 
tissue cultures were used to culture Type I (Brunhilde) 
strain of virus. It was found that exposure of 10* in- 
fectious doses of virus to a dilution of bactericide con- 
taining 75 ppm available iodine completely inactivated 
the polio virus within 2 min. Under identical conditions, 
atypical synthetic phenolic disinfectant at its use dilu- 
tion was ineffective even with prolonged contact inter- 
vals. 

Other studies were conducted on mixed strains of 
three types of polio viruses that are pathogenic to 
humans (Types I, II, and III). It was found that 50 
and 75 ppm levels of available iodine are effective in 5 


min, and the 75 ppm level is effective within 2 min. The 
color indicator holds for poliocidal action by these 
tests, just as previously observed in bacteriological 
tests. 


SUMMARY 


In the preparation of nonionic surfactant-iodine 
complexes, part of the iodine is lost due to iodination 
of the surfactant and formation of an acid (believed 
HI). The amount of iodine lost in the reaction is de- 
pendent primarily on the surfactant used. 

While the major part of the iodine remains free and 
titratable, its properties have been modified by the sur- 
factant, that is, increased stability in dilute aqueous 
solutions, elimination of staining, and reduction of skin 
and eye irritation; thereby increasing its applications in 
the field of sanitation. 

The combination of surfactant and iodine provides 
efficient antimicrobial action against a wide variety of 
test organisms using test methods of primary impor- 
tance for evaluating disinfectants, sanitizers, and de- 
tergent-sanitizers. 
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The ability of rumen microbiota to incorporate in- 
organic sulfate into cystine and methionine was sug- 
gested by Loosli et al. (1949) and demonstrated by 
Block et al. (1951) through use of radioactive sodium 
sulfate. The significance of this incorporation as applied 
to ruminant Davis 
et al. (1954). 


Formation of microbial protein in the rumen of 


nutrition has been discussed by 


cattle is accompanied by protein degradation and ab- 
sorption. The complexity of this situation is further in- 
tensified by passage of both the substrate and the fer- 
mentation products through the alimentary tract 
(Pearson and Smith, 1943). Proteins are deaminated 
during the course of rumen fermentation with the lib- 
eration of (McDonald, 1952). 
acids occur in only trace amounts during this process 
probably due to their rapid deamination (Lewis, 1955). 


ammonia ree amino 


The liberated ammonia is absorbed, partially returned 
to the rumen in the form of salivary urea, and partially 
excreted in the urine (MeDonald, 1948). 

The complex nature of protein metabolism by rumen 
microbiota indicates the need for some tracer tech- 
nique to define the individual reactions and pathways. 
The use of radioactive sulfate enables one to follow the 
synthesis of sulfur containing amino acids, to determine 
the contribution of different strains of microorganisms 
to this synthesis, and to evaluate the symbiotic effects 
between strains. This study was initiated to determine 
the ability of the total rumen microbiota to utilize in- 
organic sulfate when acting in vitro upon substrates 
representative of normal cattle feeds. 


MATERIALS AND METHODS 


Inocula were obtained from three mature steers and 
two mature twin cows which were fitted with the 
plastic fistula plug described by Hentschl et al. (1954). 
Three of these animals received a restricted roughage- 
high concentration ration wherein 3 to 6 Ib of alfalfa 
hay represented the roughage and the concentrate con- 
sisted of 10 to 22 lb of a mixture containing 77 per cent 


! Published with the approval of the Director of the Michi- 
gan Agricultural Experiment Station as Journal Article No. 
2064. 

2 Dairy Department. 

3 Department of Microbiology and Public Health. 
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ground corn, 20 per cent soybean oil meal, 1 per cent 
CaHPO,, 1 per cent NaCl, 1 per cent CaCOs, plus 
vitamin A and irradiated yeast. The other two animals 
were each fed 30 to 34 Ib of alfalfa hay per day. Inocula 
were obtained by straining contents from the ventral 
portion of the rumen through cheese-cloth into flasks 
which have been flushed with CO. and maintained at 
40 C, 

In the first two trials, 25-ml portions of inocula were 
rapidly transferred to a series of 50-ml Erlenmeyer 
flasks. These flasks contained 1 g of alfalfa leaf meal 
as substrate for inocula from the hay fed animals or 
0.73 g of the concentrate mixture as substrate for 
inocula from the concentrate fed animals. These flasks 
also held 0.1 ml of an aqueous solution containing less 
than | X 1077 moles of sulfate with a radioactivity of 
250 to 1000 we as sulfur*. 

The activity at final dilution was from 10 to 40 ye 
per ml. No effect on the fermentation could be ob- 
served within this range of activity. 

The fermentation flasks were set up in a similar man- 
ner for the second two trials with the exception of the 
substrate which consisted of 0.87 g of a mixture con- 
taining 4 parts of alfalfa leaf meal to 3 concentrate. 
This substrate was used for both types of inocula. 

Following inoculation, the flasks were stoppered, ro- 
tated to mix, and placed in a 40 C water bath. At 15 
min intervals, the flasks were mixed by rotating and 
pressure relieved by briefly loosening the stoppers. 

Flasks were removed at 0.5 hr intervals after inocu- 
lation up to 3 hr and the fermentation stopped by trans- 
ferring the contents of the flask to sufficient ethanol to 
give a final concentration of 80 per cent ethanol. These 
solutions contained 0.05 m sulfate to dilute and ex- 
change with the residual inorganic, radioactive sulfate. 
The ethanol precipitated protein was removed by fil- 
tration, hydrolyzed for 4 hr with 30 ml of 6 m HCl at 
120 C, the NCI partially removed by evaporation on a 
hot plate, and the hydrolyzate finally diluted to a 
definite volume for assay of radioactivity. Three ml ali- 
quots were transferred to a 5-ml beaker and counted 
under a thin end window G-M! tube. The process was 
repeated after treating the diluted hydrolyzate with 
barium chloride to precipitate the inorganic sulfate 


‘ Tracerlab, Inc., Boston, Massachusetts. 
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TABLE 1 
Incorporation of S**-labeled inorganic sulfate into organic 
sulfur compounds 


Organic Activity as Per cent of Total Radioactivity 
Mean of Duplicates with Standard Deviation 





Hay inoculum* Grain inoculumt 

Hay Mixed Grain Mixed 

ibstrate} substrate§ substrate substrate§ 
ar 
0.5 6.4 (3.7 3.8 (2.1) 
1.0 2.6 (1.2 16.1 (0.6) 4.3 (0.4) | 5.8 (2.6 
1.5 3.0 (0.7 13.3 (4.9 12:46: @:7 5.2 (0.0 
2.0 8.1 (3.4 Soe (09) 1 TR 8) | 2a 
2.5 7.8 (1.8 24.8 (5.3) | 11.4 (1.9) | 7.6 (1.1) 
3.0 6.2 (2.6 27.0 (0.9) 15.4 (4.3 9.9 (3.9) 


* Inoculum taken from the hay fed animals. 

7 Inoculum taken from the animals fed the high-concentrate 
ration. 

t1 g alfalfa leaf meal per flask. 

§ 0.50 g alfalfa leaf meal and 0.37 g concentrate mixture 
per flask 

£0.73 g concentrate mixture per flask 


TABLE 2 
Distribution of organic sulfur activity between the 
chromatographic fractions 
Organic Activity as Per Cent of Total Radioactivity 
Incubation Mixed Substrate (Mean of Two Trials 


Inoculum Tin 


Cystine* Methionine} Unidentified? 


Grain 0.5 2.85 0.48 0.45 
1.0 3.91 1.13 0.78 
1.5 3.04 1.31 0.83 
2.0 4.48 1.88 1.00 
waa 3.99 2.48 1.16 
5.0 1.06 3.54 2.30 

Hay 0.5 4.87 0.76 0.78 
1.0 12.32 2.13 1.68 
L.d 8.89 2.71 1.69 
2.0 11.74 Bee | 2.56 
2.5 16.04 5.63 a 
>.0 i377 7.89 5.39 

* Cystine plus its degradation products. 


t Methionine plus its degradation products. 
t Ry greater than 0.9 on paper chromatography with 80 
per cent phenol 


and the remaining activity attributed to sulfur*® 
labeled organic compounds. The ethanol filtrate was 
diluted to a definite volume and counted in a similar 
manner. 

Appropriate correlations for isotope decay and 
natural background activity were made. Natural back- 
ground was determined at 2 hr intervals accumulating 
about 500 counts. Counting efficiency varied from 25 to 
30 counts per sec per uc per ml with the different Geiger 
tubes used in this study. Where more than one tube 
Was used in a single trial, corrections were made for this 
difference in counting efficiency. Net counts pe. sec 


varied from 0.1 to 40 for the different samples depend- 
ing upon the original activity and the dilution. The net 
counts per second multiplied times the volume in ml 
for each fraction yielded the relative activity for that 
fraction. The relative activity in each of the organic 
and inorganic fractions was divided by the total ac- 
tivity recovered from that tube and multiplied by 100. 
All activities were thus expressed as per cent of the total 
radioactivity and are independent of variations in the 
amount of total activity. Recovery of added activity 
ranged from 81 to 119 per cent. 

The organic sulfur compounds were tentatively 
identified and semiquantitatively assayed by paper 
chromatography with 80 per cent phenol or 70 per cent 
ethanol as described by Roberts et al. 
Miller and Rockland (1952). 

The counting efficiency of the dried samples on the 
filter paper chromatograms was much greater than for 
the wet 3-ml aliquots. Recovery of the activity applied 
at the baseline tended to exceed 100 per cent ap- 
parently due to the greater area covered by the same 
activity after development of the chromatogram. Ac- 
tivity in the wet organic fractions was partitioned ac- 
cording to the distribution of activity on the paper 
chromatograms. 


(1955) and by 


RESULTS AND DISCUSSION 


The incorporation of labeled sulfate into the organic 
sulfur compounds is presented in table When the 
grain and hay substrates were used with inocula from 
the grain fed animals and the hay fed animals re- 
spectively, inocula from the grain fed animals appeared 
to effect a greater utilization of sulfate. This can be 
explained by a greater dilution of the labeled sulfate 
by carrier sulfate added with the hay substrate as com- 
pared to the concentrate substrate. The hay fermen- 
tation flasks contained 3 X 10~° m water soluble inor- 
ganic sulfate as compared to 2 X 10-° o in the grain 
flasks as determined gravimetrically following pre- 
cipitation with barium chloride. When dilution of the 
radioactive sulfate was equalized by using the same 
substrate for both types of inoculum, the inoculum 
from the hay fed cows incorporated a mean of 17.7 per 
cent of the total inorganic sulfate as opposed to 6.6 
per cent for the inocula from the grain fed cows. The 
difference is significant at the 1 per cent level. 

The organic activity appeared to increase regularly 
approaching an asymptote with increasing incubation 
time. When all values were fitted to an asymptotic 
regression equation by the method of Stevens (1951), it 
was found that about 48 per cent of the organic sulfur 
remaining to be formed at a given time was formed dur- 
ing the next hr. This rate is in the same order as the 75 
per cent per hr rate of incorporation of inorganic sul- 
fate reported for Escherichia coli by Roberts et al. 
(1955). However, E. coli could not incorporate inorganic 
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sulfate in the presence of cystine and certain other or- 
ganic sulfur compounds which are undoubtedly present 
in rumen liquid. 

The distribution of activity between the fractions 
obtained by paper chromatography in 80 per cent 
phenol is shown in table 2. These fractions were not 
chromatographically pure and contained small amounts 
of unidentified activity. Therefore, these data can only 
be considered semiquantitative. The mean ratio of 
cystine to methionine activity for the 24 flasks with 
mixed substrate was about 2 to 1. Block et al. (1951) 
have reported that cystine and methionine are formed 
in approximately equal amounts in the rumen. The 
apparent contradiction reported here might be ex- 
plained by a faster initial rate of cystine formation 
which either ceases while methionine formation con- 
tinues or, the cystine might be a precursor to methi- 
onine. The distribution from the first two trials, which 
are not included in the table, was similar. Glutathione 
was separated in two trials and accounted for 2 to 4 
per cent of the total activity or approximately one- 
fourth of the incorporated activity. Roberts et al. 
(1955) have similarly found that about one-third of 
the organic sulfur in £. coli is in the form of gluta- 
thione. Anderson (1956) reported that nonprotein 
amino acid sulfur in the rumen has a concentration of 
less than 0.04 mg sulfur per ml as compared to 0.18 mg 
sulfur per ml in the form of protein. Tannin was used 
as the protein precipitant. If the nonprotein amino 
acid sulfur of Anderson (1956) was largely glutathione, 
the agreement between the in vivo and in vitro results 
is good. 

Lewis (1954) and Anderson (1956) have demon- 
strated the ability of rumen microorganisms to reduce 
sulfate to sulfide. In one of the trials reported here, 
the fermentation gases were washed through cupric 
acetate solution to recover hydrogen sulfide. The ac- 
tivity collected as hydrogen sulfide under these con- 
ditions was less than 0.1 per cent of the activity. This 
is probably explained by the high solubility of hydrogen 
sulfide and possibly by is conversion to organic forms. 

Microradioautographs were prepared by centrifuga- 
tion of the fermentation liquor and preparing smears of 
the sedimented organisms. These smears were washed 
with inorganic sulfate solution to remove the residual 
labeled inorganic sulfate by exchange and then placed 
in apposition to nuclear track plates (Eastman NTB 
plates,® 5 w thick emulsion) in the dark room. These 
radioautographs failed to show the individual morpho- 
logical types responsible for the sulfate utilization due 
to poor resolution. However, this technique demon- 


5 Eastman Kodak Co., Rochester, N. Y. 


[voL. 5 


strated that the majority of the organisms did not in- 
corporate the radioactive sulfate. Further studies have 
been undertaken to determine the types of organisms 
responsible for utilization of inorganic sulfate and the 
mechanisms of this utilization. 


SUMMARY 


Liquid from the rumen of five cattle has been incu- 
bated in vitro with labeled inorganic sulfate and sub- 
strates representative of concentrate and roughage 
rations. Incorporation of the inorganic sulfate into 
organic compounds was faster with the rumen liquid 
from bovines fed high concentrate rations. The forma- 
tion of cystine was about twice as great as the forma- 
tion of methionine during the 3 hr incubation period. 
Evidence was obtained showing that a portion of the 
cystine activity was in the form of glutathione. Micro- 
radioautographs indicated that the majority of the 
organisms did not incorporate the radioactive sulfate. 
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The ability of the rumen microbiota to collectively 
utilize inorganic sulfate in the formation of protein is 
well established (Block et al., 1951; Emery et al., 1957). 
However, there are some indications that a relatively 
small number of the many organisms present in this 
mixed population are responsible for sulfate incorpora- 
tion (Emery et al., 1957). For this reason, pure cultures 
of 10 widely differing types of rumen microorganisms 
have been tested for their ability to incorporate inor- 
ganic sulfate. 


MATERIALS AND METHODS 


The cultures were grown according to the method of 
Bryant and Burkey (1953). The initial tests for ability 
to incorporate sulfate were performed on broth A, 
which contained inorganic salts, glucose, cellobiose, and 
40 per cent centrifuged sterile rumen liquid. This broth 
differs from the one described by Bryant and Burkey 
(1953) only in that the sulfate salts were replaced by 
equivalent weights of their chlorides. Sufficient mag- 
nesium sulfate was included to give a final sulfate-sulfur 
concentration of about 0.03 mg per ml and an addi- 
tional 0.03 mg sulfur per ml was present as cysteine. 
The nitrogen content was 33 mg per 100 ml which was 
supplied in nearly equal amounts by ammonium 
chloride and rumen liquid. 

Heavy inocula from the slants were transferred to 
broth A and incubated 24 hr at 39 C. Sixteen hr sub- 
cultures from these tubes were used as the inocula for 
the sulfate incorporation tests. Four tubes containing 
9 ml of broth A and 1 ml of inocula were prepared for 
each test culture. Three-tenths ml of inorganic radio- 
active sulfate solution was then added to two tubes for 
each culture. These tubes then contained 138 uc of 
sulfur*® with less than 0.01 mg of added carrier sulfur. 
One set of control and one set of radioactive cultures 
were removed at 12 hr and the other set at 24 hr. The 
isotope-containing cultures were poured into 40 ml of 


! Published with the approval of the Director of the Michi- 
gan Agricultural Experiment Station as Journal Article No. 
2065. 

* Gratitude is expressed to M. P. Bryant, Agricultural Re- 
search Service, U. 8. D. A., Beltsville, Md., for supplying the 
cultures used in this study as well as much helpful advice. 

* Dairy Department. 

* Department of Microbiology and Public Health. 
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0.05 m ethanolic H.SO, and fractionation procedures 
continued as previously described (Emery et al., 1957). 

Radioactivity was assayed by transferring 0.02 ml 
of the clear liquid to Whatman no. | filter paper with 
a capillary pipette. The sample was allowed to cover a 
circle 2 cm in diameter and air dried before counting. 
The measured activity was found to be directly pro- 
portional to the we applied within the range of 10 to 
110 counts per min. Duplicates agreed within 5 per 
cent when more than 1000 counts were accumulated 
and corrected for background. All activities are reported 
as per cent of the total recovered radioactivity. 

The incorporation of nitrogen was determined by 
adding 5 ml of the thoroughly mixed broth culture in 
the nonisotope containing tubes to 20 ml of absolute 
ethanol to precipitate the protein. The ethanol-soluble 
nitrogen was determined by a micro-Kjeldah] method. 
The difference between the ethanol-soluble nitrogen 
before and after incubation was assumed to be incor- 
porated by the bacteria. 

The culture, Lachnospira multiparus (Bryant and 
Small, 1956b), was chosen for detailed studies because 
it was found that it could be grown on a chemically 
defined medium. This medium, broth B, differed from 
broth A in that the rumen liquid was replaced by dis- 
tilled water and the following amounts of other chemi- 
cals were added: 0.05 per cent agar, 0.0062 per cent 
valeric acid, 0.0062 per cent isovaleric acid, 0.25 X 
10-® per cent biotin, 0.001 per cent p-aminobenzoic 
acid, 0.008 per cent di-tryptophan, 0.04 per cent dl- 
threonine, and 0.025 per cent / (— )-leucine. 

Two batches of broth B were prepared simultane- 
ously one of which contained 0.053 per cent di-methi- 
onine. Eleven hundred microcuries of S* labeled inor- 
ganic sulfate in 1 ml of distilled water were added to 
100 ml of each batch and 10 tubes containing 10 ml 
each were dispensed. The radioactive sulfate used in 
this trial was essentially carrier-free. Nine tubes in 
each series (methionine and no-methionine) were 
inoculated with a straight needle from a 3-day old cul- 
ture of L. multiparus on rumen fluid-glucose-cellobiose 
agar (Bryant and Burkey, 1953) and incubated at 
39 C. One tube was removed from each series after 
incubation for 18 hr. Four tubes were removed after 25 
hr and the remaining four tubes in each series were 
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removed after 42 hr incubation. The tenth tube in each 
series was a sterile control used for determining nitro- 
gen incorporation as described above. 

Fermentation was terminated by transferring the 
cultures to sufficient ethanol to yield a final concentra- 
tion of 80 per cent. The precipitate was removed by 
centrifugation using 0.2 g celite as a co-precipitant and 
washed with additional 80 per cent ethanol containing 
0.01 m H.SO, per L. The ethanol soluble and insoluble 
fractions were then fractionated as described above 
(Emery et al., 1957) with the exception that all drying 
operations were carried out in vacuo. The concentrated 
desulfated ethanol filtrates and the protein hydroly- 
sates were submitted to paper chromatography by the 
descending method using the 70 per cent isopropanol, 
10 per cent formic acid, 20 per cent water solvent. of 
Roberts et al. (1955). The ethanol filtrates were further 
developed in the second direction using 80 per cent 
phenol in 1.5 per cent aqueous ammonia solvent (Rob- 
erts et al., 1955). The chromatograms were cut into 2 
em squares for quantitative assay of radioactivity. 

An additional incorporation trial with L. multiparus 
was being carried out using broth B modified in the fol- 
lowing manner: the reducing agent, 0.015 per cent 
cysteine hydrochloride was replaced by an equal con- 
centration of /-ascorbic acid; the sulfur content was 
maintained at 0.03 mg per ml by including 0.003 per 
cent sulfuric acid in the media; valeric and isovaleric 
acids were omitted. Two batches of this modified broth 
B were prepared simultaneously, one of which con- 
tained 0.053 per cent di-methionine. Sixty microcuries 
of S** labeled inorganic sulfate were added to each ml 
batch and five tubes of 10 ml each dispensed as de- 
scribed above. One tube from each series served as a 
sterile control while the other four were inoculated 
with a 24 hr broth B culture of L. multiparus. These 
tubes were incubated for 9 days at 39 C before carrying 
out the chemical and chromatographic separations 
described above. 


RESULTS AND DISCUSSION 


The activities recovered in organic sulfur compounds 
in four of the ten rumen microorganisms surveyed are 
presented in table 1. The nitrogen incorporation data 
are also reported here. Radioactivity could not be de- 
tected in protein hydrolyzates from cultures of Suc- 
cinwvibrio dextrinosolvens (Bryant and Small, 1956b), 
Selenomonas ruminantium (Bryant, 1956), Bacteroides 
strain GA-20 (Bryant and Burkey, 1953), and strain 7. 
Strain 7 is a cellulolytic coccus, often occurring in 
chains. Bacteroides succinogenes (Bryant and Doetsch, 
1954) and strain B 17 contained 0.6 and 0.1 per cent of 
the total activity in their protein hydrolysates. Strain 
B 17 belonged to the +SR-gGXC group of Bryant and 
Burkey (1953). Growth was easily visible in all tubes 
even though it could not always be chemically demon- 
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TABLE 1 
Recovery of the radio activity of S** labeled inorganic sulfate as 
organic sulfur following incubation with some 
rumen microorganisms 


Per Cent of the Total 


Activity* | Microbial-N 
Microorganisms Formed Per 
Ethanol Protein | 10 ml Media 


filtrate hydrolyzate 


mg 
Butyrivibrio fibrisolvenst....| 2.3 10.4 0.3 
Lachnospira multiparust..... 0.2 2.4 0.5 
(Strain C94)§....... oe 0.3 0.6 0.9 
Bacteroides (strain B,-4)4... 0.1 1.7 0.9 


* Activity in organic sulfur compounds expressed as per 
cent of the total activity. 

{ Bryant and Small, 1956a. 

t Bryant and Small, 1956b. 

§ Cellulolytie coccus, often in chains; description received 
from Dr. M. P. Bryant in a personal communication; classifi- 
cation incomplete. 

* Bryant and Burkey, 1953. 


strated by nitrogen incorporation. The results reported 
are the higher of the 2 values obtained after 12 and 24 
hr incubation. 

The formation of microbial nitrogen for all tubes 
averaged 0.4 mg and these tubes each contained 0.25 
mg of sulfate sulfur. Roberts et al. (1955) found that 
Escherichia coli contain 11.2 mg of sulfur per g of dry 
cells. If we assume that the microbial cells in this study 
had the same sulfur content and a nitrogen content 
of 80 mg per g of dry cells, the activity recovered as 
organic sulfur would equal about 22 per cent of the total 
activity provided all microbial sulfur incorporation 
came from sulfate. Therefore, table 1 demonstrates 
that all of these cultures utilized the organic sulfur 
from cysteine or rumen liquid in preference to inorganic 
sulfate. 

Butyrivibrio fibrisolvens, L. multiparus, and Bac- 
teroides strain B,-4 were the only organisms of the 10 
tested which showed an appreciable ability to utilize 
inorganic sulfate under the conditions of this trial. This 
is in contrast to the intense incorporation of inorganic 
sulfate by the entire rumen microbiota previously re- 
ported (Emery et al., 1957). The low sulfate utilization 
found here could mean that bacteria other than those 
which were studied are responsible for sulfate utiliza- 
tion in the rumen, or it could mean that synergistic 
effects between the different strains occurs in the mixed 
population. The ability of rumen bacteria to incor- 
porate sulfate in the presence of organic sulfur varies 
with the strain while the pattern of incorporation with 
the individual strains studied is not the same as with 
the mixed culture fermentation in rumen fluid. 

Preliminary studies with L. multiparus revealed that 
it could be grown on the chemical medium, broth B. 
The 0.05 per cent agar was required for reasonable 
growth although minimal growth could be obtained 
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without it. Growth promotion studies with biotin and 
p-aminobenzoic acid were conflicting. Shiota and Clark 
(1955) demonstrated that Lactobacillus arabinosus re- 
quires p-aminobenzoic acid for methionine synthesis. 
Either methionine or a combination of tryptophan, 
threonine, and leucine greatly stimulated growth, but 
were not essential. The effects of these aminoacids upon 
growth were largely nonadditive. Growth promoting 
effects were not noted with the addition of the follow- 
ing compounds: pyridoxine, nicotinic acid, glycine, or 
lysine; or with a combination of glutamic acid, aspartic 
acid, and alanine; or a combination of guanine, adenine, 
uracil, and xanthine. Valeric and 7zso-valeric acids were 
also without growth promoting effect. 

The utilization of S** labeled inorganic sulfate by L. 
multiparus when grown in broth B reduced with either 
0.015 per cent cysteine hydrochloride or 0.015 per cent 
ascorbic acid is shown in table 2. The sulfate and nitro- 
gen incorporations at 18 hr were too small to be ac- 
curately determined. When the reducing agent was 
cysteine hydrochloride, methionine slightly increased 
the utilization of inorganic sulfate per mg microbial 
nitrogen formed for the 25 and 42 hr period. However, 
if we again assume a nitrogen to sulfur ratio of 8 to 1 in 
the microbial cells, only 1.04 mg of microbial nitrogen 
would need to be formed in each tube to give a 100 per 
cent incorporation of the inorganic sulfate if it was 
used preferentially. Therefore, the actual utilization of 
inorganic sulfate was very small and the only other 
source of sulfur, cysteine, was apparently utilized 
preferentially. 

Microbial growth, or nitrogen incorporation, was 
about 3 times larger with cysteine than when it was re- 
placed with ascorbic acid. However, omission of all 
but a trace of cysteine increased the incorporation of 
sulfate by more than 100 times. It should be noted also 
in table 2 that the ethanol filtrates were virtually devoid 
of activity with the ascorbic acid medium while the 
majority of the activity was usually ethanol extractable 
with the cysteine medium. Two dimensional paper 
chromatography of the concentrated sulfate-free ethanol 
filtrates from the cysteine medium revealed that 81 
per cent of their organic sulfur activity was present as 
glutathione with only 19 per cent appearing as cysteic 
acid, methionine, and unidentified compounds. More- 
over, ninhydrin reactive spots corresponding to the lo- 
cations of oxidized and reduced glutathione were easily 
Visible on these chromatograms suggesting a gluta- 
thione synthesis of much greater magnitude than the 
radioactivities would indicate. This can be explained 
by a preferential utilization of the nonradioactive cys- 
teine as opposed to the radioactive sulfate. Methionine 
seemed to have little effect on this pattern. 

The activity of cysteine and its decomposition prod- 
ucts in the protein hydrolyzates was more than 25- 
fold that of methionine and its decomposition products 
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TABLE 2 
Recovery of the radioactivity of S*® labeled sulfate as organic 
sulfur following incubation with Lachnospira multiparus 


| 


Per Cent of the Total 


Incuba- Activny* Microbial-N 
tion |— . 3 Formed Per 
| Time | Ethanol nate 10 ml Media 
| filtrate ysate 
mg 
0.015% Cysteine hy- | 25 hr| 0.118 0.033 0.76 
drochloride 42 hr} 0.091 0.203 1.1] 
0.015% Cysteine hy- | 25 hr) 0.173 0.031 0.13 
drochloride and 42 hr| 0.144 0.099 0.60 
0.053% dl-Methio- | 
nine in medium 
0.015% Ascorbic acidt | 9days trace | 25.42 0.021 
0.015% Ascorbic acid 9days; trace 29.66 0.238 


and 0.053% dl-methi- 

onine in mediumf 

* Activity in organic sulfur compounds expressed as per 
cent of the total activity. 

+ Ascorbic acid and inorganic sulfate used to replace the 
reducing action and sulfur content of the cysteine hydro- 
chloride. 


regardless of the presence or absence of cysteine in the 
media. Methionine could not be detected on the paper 
chromatograms of the protein hydrolyzates from the 
cultures incubated for 25 hr. This pattern is different 
from the 2 to 1 ratio of activities in cysteine and 
methionine found in the whole rumen microbiota by 
Emery et al. (1957) or the 1 to 1 ratio found in Block 
et al. (1951). 

These experiments demonstrate that although L. 
multiparus can synthesize both cysteine and methionine, 
both of these amino acids are capable of stimulating 
growth. Cysteine appears to stimulate the synthesis of 
glutathione and is utilized in preference to inorganic 
sulfate. Roberts et al. (1955) found that LE. coli utilizes 
cystine sulfur in preference to inorganic sulfate to such 
an extent that sulfate incorporation is blocked in the 
presence of cystine. Hift and Wallace (1949) found that 
several lactic acid bacteria which can grow with inor- 
ganic sulfate as their sole source of sulfur are stimulated 
by cystine, cysteine, or glutathione. Anderson (1956) 
reported that the whole rumen microbiota utilized sul- 
fate in preference to amino acid sulfur. 

L. multiparus does not produce HS from cystine 
which is a common reaction among rumen bacteria. It 
is present in considerable numbers in the rumen of ani- 
mals on a variety of rations, but is never a predominant 
strain (Bryant and Small, 1956b.). 

In this work, L. multiparus utilized inorganic sulfate 
in the presence of cysteine, but at a reduced rate. 


SUMMARY 


A survey of ten cultures of rumen bacteria revealed 
that only five utilized a significant amount of inorganic 
sulfate in the synthesis of organic sulfur compounds 
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and only three incorporated inorganic sulfate into their 
microbial proteins when cysteine was present in the 
medium. One of these cultures, Lachnospira multiparus, 
incorporated about equal amounts of inorganic sulfate 
into glutathione and microbial protein when cysteine 
was present in the medium; but failed to form radio- 
active glutathione when S* labeled inorganic sulfate 
was the only source of sulfur. L. multiparus utilized 
less than 0.2 per cent of the inorganic sulfate when 
cysteine was present as an alternate sulfur source as 
compared to 22 per cent when inorganic sulfur was the 
only sulfur source. This occurred even though much 
more growth took place in the presence of cysteine. 
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Two explanations are offered for the lethal action of 
ionizing radiations on living cells. The first postulates 
a direct action of the radiations on genetic material; 
the other assumes that an initial change takes place in 
the medium or at some nongenetic locus and that this 
change brings about lethal effects in the cell. The work 
of Hollaender et al. (1951) and Burnett et al. (1951) 
supports the latter theory. Similarly, the work pre- 
sented in this paper further supports the indirect action 
theory by describing a protective effect of catalase for 
anaerobic bacterial spores when catalase is present in 
the suspending medium during irradiation. Obviously, 
such protection of anaerobic bacterial spores will 
probably increase the amount of ionizing radiations re- 
quired to sterilize foods containing catalase. 


MATERIALS AND METHODS 


Spores used in this work were grown, harvested, and 
suspended in distilled water as described by Kempe 
et al. (1954). 


Immediately prior to use in an experiment, the stock 
spore suspensions were shaken with glass beads for 5 
min to disperse the spore clumps. The desired quantity 
of spores was next pipetted into a sterile test tube and 
heated at 85 C for 15 min to kill the vegetative cells. 
The spore suspension was then diluted into the final 
solutions to be irradiated. 

The control for these experiments was sterile phos- 
phate buffer to which only the spores of either Clos- 
tridium botulinum 213-B or Putrefactive anaerobe no. 
3679 were added. 

Purified crystalline catalase for this work was ob- 
tained from General Biochemicals, Inc., Chagrin Falls, 
Ohio. For use in an experiment, phosphate buffer (pH 
7.02) was sterilized by autoclaving. Following this, 60 
mg of catalase was added to 14.5 ml of the cooled ex- 
perimental solution and then 0.5 ml of a spore suspen- 
sion was added to both the control and the catalase 
solutions, 


our ml quantities of these preparations were pi- 
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TABLE 1 
The effect of catalase on the lethality of gamma radiation from 
cobalt® for anaerobic bacterial spores 


Be ata No. of Organ- Log 
Spores pene Rep* isms Surviving | Per Cent 
per ml | Survivors 


Clostridium botuli 
num 213-B 


Control 0 0 | 15,000,000 2.000 


3 465,000 | 3,500,000 1.368 

5 775,000 136,000 | —0.043 
6 930,000 3,330 | —1.654 
7 1,085,000 380 | —2.596 
8 1,240,000 | 35 | —3.632 

Catalase 0 0 | 16,900,000 | 2.000 
3 465,000 | 6,800,000 | 1.605 
5 775,000 | 1,690,000} 1.000 
6 930,000 | 710,000! 0.623 
7 1,085,000 233,000 | 0.139 
8 1,240,000 | 59,000 | —0.456 

Putrefactive anaer 
obe 3679 

Control 0 0 | 10,700,000 | 2.000 
5 775,000 61,500 | —0.241 
6 930 ,000 8,100 —1.121 
7 1,085,000 145 | —2.868 

Catalase 0 0 | 11,600,000 2.000 
5 775,000 1,460,000 1.100 
6 930,000 110,000 | 0.548 
1,085,000 179,500 0.1895 


* One rep unit is a dose of ionizing radiation capable of pro- 
ducing energy absorption of 93 ergs per g of tissue. 


petted aseptically into sterile 5-ml glass vials which 
were finally sealed in an oxygen flame. Irradiation was 
carried out in an ice water bath in the center well of 
the large cobalt® source in the Fission Products Labora- 
tory at The University of Michigan. 

After completion of the irradiation, a sample from the 
irradiated or control (O hr radiation) vial was with- 
drawn, diluted to the proper spore concentration, and 
counted using techniques previously described by Reed 
et al. (1951). 


RESULTS AND DISCUSSION 


The survival of spores of Clostridium botulinum 
213-B after varying exposures to Co® gamma radiation 
either in a phosphate buffer solution or in a phosphate 
buffer solution containing catalase is shown in table 1 
and figure 1. In the control solution, 35 spores per ml 
remained viable after 8 hr radiation from an original 
population of 15,000,000 per ml. In the solution con- 
taining catalase, 59,000 spores per ml were viable after 
8 hr irradiation from an original population of 
16,900,000 per ml. This represents a 1500-fold increase 
in survival caused by the addition of catalase. 

Similarly, the effect of catalase on the lethality of 
Co™ gamma radiation for the spores of putrefactive 
anaerobe no. 3679 is shown in the table and the figure. 
Here 145 spores per ml were viable after 7 hr irradiation 
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Figure 1. Effect of catalase on the lethality of gamma 
radiation from colbalt® for anaerobic bacterial spores. 


in the control solution as compared to 179,500 spores 
per ml after a similar dosage of gamma radiation in the 
solution containing catalase. This represents a 1250- 
fold increase in the survival ratio. 

Inasmuch as many investigators, including Allen 
(1954), have reported that hydrogen peroxide is de- 
veloped during irradiation of water by gamma rays, 
and as Curran et al. (1940) reported that the sporicidal 
action of hydrogen peroxide could be dissipated by 
catalase, the inference is drawn that catalase protected 
the anaerobic spores tested in this work by destroying 
hydrogen peroxide that was produced in situ by the 
irradiation treatment. This is evidence for the indirect 
lethal action of radiation on anaerobic bacterial spores. 
The magnitude of the observed effect suggests that the 
sporicidal action of gamma radiation may be largely 
indirect in nature. 

The protection of anaerobic bacterial spores against 
the lethal action of ionizing radiations by catalase 
must be considered when the sterilization of raw foods 
by such radiations is contemplated. 
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SUMMARY 


Catalase present in the suspending medium during 
irradiation significantly reduced the lethal action of 
gamma radiation from cobalt® for anaerobic bacterial 
spores. This finding supports the theory that the lethal 
action of ionizing radiations is at least partially due to 
secondary effects of the irradiation. Furthermore, such 
protection of anaerobic bacterial spores is important 
when sterilization of foods containing catalase is con- 
sidered inasmuch as it will likely increase the dosage 
required. 
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Laboratory studies of broad-spectrum antibiotics 
for food preservation are well documented. Primarily, 
these studies attempted to extend the edible life of 
highly perishable commodities. 

Economic loss accruing to both processor and con- 
sumer from spoilage of such commodities as poultry, 
beef and comminuted meats, leafy vegetables, and fin 
and shellfish, approaches the astronomical. Of these, 
shellfish have received comparatively little study. As a 
group, however, they are probably the most highly 
perishable of all food items; bacterial decomposition 
proceeds with extreme rapidity shortly after landing. 

Surprisingly enough, however, the industry’s annual 
loss through spoilage is lower than would be antici- 
pated. This is due to the fact that the processor is 
forced to place his product into commercial distribu- 
tion channels shortly after the catch is brought in. 
Thus, he creates an unstable economy for himself, and 
is unable to seek additional markets in areas beyond 
the present transportation-storage life of his product. 

Present cold storage conditions normally obtained in 
processing plants can preserve the typically fresh flavor 
and appearance of crabmeat from 3 to 10 days and up to 
15 days for oysters depending upon the degree of bacte- 
rial contamination during picking and/or shucking and 
packing. Apparently, cold storage alone is not sufficient 


1 Presented to the Society of American Bacteriologists. 
Detroit, Mich., May, 1957. 


to prevent deterioration caused by the rapid prolifera- 
tion of psychrophilic bacteria commonly found in crab 
and oyster meats. Supplementary treatment appears 
necessary. 

Although no definitive bacterial study of crabmeat 
spoilage has been made, between five and ten genera 
have been isolated from spoiled meat (Fieger et al., 
1956; Gardner and Watts, 1956). For this reason, it was 
believed that the broad-spectrum antibiotics, particu- 
larly the tetracycline group, supplementing refrigera- 
tion, might secure additional storage life. The investi- 
gation to be reported was undertaken in an attempt to 
test this hypothesis. 

Although shellfish, including both mollusks (oysters, 
clams, snails, mussels, and scallops) and crustaceans 
(crabs, lobsters, shrimp, and crayfish) have great com- 
mercial value, comparatively few reports concerning 
their preservation have been published. 

Farber (1954) reported oxytetracycline and chlor- 
tetracycline to be ineffective for shrimp preservation. 
This has been supported by recent findings of Tomi- 
yama (1955) and Fieger et al. (1956). 

Wrenshall (1956) reported a 5-fold increase in stor- 
age life of lobsters and clams treated with oxytetra- 
cycline. 

The data to be reported here were obtained from the 
treatment of fresh crab and oyster meats with oxy- 
and chlortetracycline. 
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MATERIAL AND METHODS 


For tests with crabmeat, food-grade formulations of 
oxy- and chlortetracycline® were dissolved in 5 gallons 
of tap water to yield concentrations of 5, 10, 15, 20, 
30, 40, and 60 ug per ml. 

Half-pound quantities of “regular’*, meat of the 
Atlantic Blue Crab (Callinectes sapidus Rathbun) 
were obtained from commercial crab houses and our 
laboratory. These were placed onto squares of no. 10 
cheesecloth and fashioned into sacks tied with rubber 
bands. The sacks were immersed in appropriate anti- 
biotic solutions for 2 min. During a portion of this 
time the sacks were agitated to insure adequate bathing 
of all meat. At 2 min, the sacks were drained of excess 
liquid and the meat placed in half-pound snap-lock crab 
cans for storage at 1 C. 

Control samples were dipped in untreated tap water 
or packed without dipping. 

At intervals, samples were removed to determine 
bacterial counts, pH, antibiotic residues, and sensory 
characteristics. A 50 g sample of meat was placed into 
a chilled food blendor containing 450 ml of sterile, 
chilled, distilled water. After 3 min of blending, addi- 
tional 10-fold serial dilutions were made. Triplicate 
l-ml portions of the appropriate dilutions were plated 
in nutrient agar (BBL) pH 6.8 and incubated at 24 + 
0.5 C for 72 hr. Bacterial plate counts were made at that 
time. Sensory evaluation was performed by the labora- 
tory personnel, 

Food and Drug Administration cup-plate tests for 
residues of oxy- and chlortetracycline were performed 
by Chas. Pfizer & Co. and American Cyanamid, re- 
spectively. In certain instances, the Antibiotics Divi- 
sion of the Food and Drug Administration assayed both 
products. 

The procedures for oysters varied somewhat. Fifty 
gallons of tap water were drawn into 200 gallon “blow”’ 
tanks. Sufficient antibiotic was added to obtain concen- 
trations of 5 or 15 wg per ml. 

Five gallons of ‘select’? and “‘extra-select’’* oysters 
(Crassostrea virginica) were added to each 50 gallon 
solution to be ‘blown’ for 3 min. Controls were 
“blown” in untreated tap water. After “blowing,” the 


2 Biostat is the food-grade formulation of oxytetracycline 
product of Chas. Pfizer & Co., Ine , Lot no. 5Y62450EPK. 

Acronize is the food-grade formulation of chlortetracycline 
product of American Cyanamid Chemical Corp., Food In- 
dustry Dept., Lot no. 108. 

3 Promoter muscles of the pereiopods. 

‘Largest of the oyster sizes—approximately 20 per pint. 

5 Air under pressure is piped to the tanks containing 
shucked oysters. The vigorous bubbling action obtained 
serves to. remove the mud and shell particles that may have 
adhered to the meat or fallen into the collecting jug. The 
heavy foam created traps a portion of the debris which is then 
skimmed off. The remaining particles settle to the bottom of 
the tank. 


oysters were spraywashed, packed in pint cans and 
sealed. These procedures were performed in a com- 
mercial oyster house. The cans were stored in the labora- 
tory at 1 C. 

As the moisture content of oysters was sufficiently 
high to yield a smooth homogenate, no additional 
water was needed for blending. 

All remaining procedures were similar to that used 
with crabmeat. 


RESULTS AND DISCUSSION 


Laboratory processed meat was used for the initial 
trial. Only sensory judgments were made on these sam- 
ples. 

Four days after dipping the meat, all samples were 
considered ‘“‘typical.’”’ On the 11th day, all samples 
were “‘off,’”’ and when opened on the 14th day, they 
were all ‘‘foul.”’ This storage life was similar to that 
generally obtained with laboratory picked meat. Ap- 
parently, antibiotic residues of 2.0 and 2.2 for the 5 « 
ppm dip of oxy- and chlortetracycline respectively, 
were unable to prevent the normal bacterial growth. 
Similarly ineffective was the 3.6 and 2.2 residues ob- 
tained with the 10 ppm dip. 

This test was repeated using commercially processed 
meat. The figures in table 1 show the inadequacy of 
5 and 10 ppm dips. All treated meat was putrid by the 
6th day. In fairness, however, it must be pointed out 
that this result was completely unexpected. The very 
high count of the untreated sample at 24 hr was un- 
usual. When the facts were ascertained, it was learned 
that the meat purchased as ‘fresh,’ was not so. How- 
ever, it served to indicate that poor quality meat could 
not be rehabilitated by antibiotic treatment. 


TABLE 1 
Effect of various antibiotic treatments on the spoilage of 
commercial crab meat 


Total Viable Aerobic Bacteria X 10¢/g per Days of Storage 
Treatment: Cc 


2 Min Dip onc | —_____ Beaters 
1 + 6 & 
ppm 
OTC* 5 | 0.20 | 0.081 | 3.70 | 650 FT 5400 F 
CECT 5 | 0.27 | 0.014 | 3.10 | 700 F 900 F 
OTC | 10 | 0.15 | 0.078 2.10 650 F 6800 F 
CTC | 10 | 0.047, 0.32. | 3.10 | 31 F 100 F 
Untreated 0 | 0.090) 1.70 | 22.0 F160 F 3000 F 
(not | 
| 


dipped) 


* Oxytetracycline as contained in Biostat, product of Chas 
Pfizer & Co., Brooklyn, New York. 

{+ F = foul. 

t Chlortetracycline as contained in Acronize, product of 
American Cyanamid Chemical Corp., New York City. 

Storage temperature, 1 C. 

All data are the mean values of triplicates showing varia- 


‘tions, normally encountered in plate counts. 
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TABLE 2 


Effect of various antibiotic treatments on the spoilage of fresh crabmeat (laboratory picked) 


VOL. 5 
Total Viable Aerobic Bacteria X 10°/g per Days of Storage 
Treatment: 2 Min. Dip Conc 
0 2 5 7 | 9 12 14 
ppm a 
OTC* 15 0.17 0.07 0.15 0.09 4.80 Bt TNTC Ft 
CTC} 15 0.0024 0.007 0.0016 0.009 0.20 46.0 F 
OTC 20 0.0039 0.007 0.0023 0.20 3.10 75.0 F 
CTC 20 0.013 0.009 0.019 0.05 0.20 2.4 4.1B 
Tap water dip 0 0.025 0.15 15. F 120. F 
Untreated (not dipped) 0 0.0062 0.0068 0.025 0.053 1.70 2.30 F 16.0 F 


* Oxytetracycline as contained in Biostat, product of Chas. Pfizer & Co., Brooklyn, New York. 


+B = “off”? odor; F = foul. 


t Chlortetracycline as contained in Acronize, product of American Cyanamid Chemical Corp., New York City. 


Storage temperature 1 C. 


All data are the mean values of triplicates showing variations, normally encountered in plate counts. 


TABLE 3 
The effect of various antibiotic treatments on the spoilage of fresh 
commercial carbmeat 


Total Viable Aerobic Bacteria X 10°/g per 


Treatment: Days of Storage 


2 Min Dip Conc 
1 8 15 
ppm 
OTC* 30 0.014 0.060 TNTC Ff 
CTCfI 30 0.072 0.070 600 F 
OTC 40 0.03 0.011 645 F 
CTC 40 0.0012 0.006 12 F 
Untreated control 0 0.0012 0.80 330 F 


(not dipped) 


* Oxytetracycline as contained in Biostat, product of Chas. 
Pfizer & Co., Brooklyn, New York. 

TF = foul. 

t Chlortetracycline as contained in Acronize—product. of 
American Cyanamid Chemical Corp., New York City. 

Storage temperature 1 C., 

All data are the mean values of triplicates showing varia- 
tions, normally encountered in plate counts. 


The seeming extension of storage time obtained in 
the first trial was doubtlessly due to the initial high 
sanitary quality of the laboratory meat rather than 
an effect of the chemical treatment. 

Increasing the solution concentrations to 15 and 20 
ug per ml was similarly unavailing. Table 2 summarizes 
this test. At 12 days, meat dipped in 20 ppm chlor- 
tetracycline was judged acceptable by the staff al- 
though a slightly higher count was present. At the 14th 
day, this treatment appeared better than the others, 
but it too was “‘off.’’ Although a bacterial suppressing 
action appeared to be operating, it was not sufficient 
to prevent customary spoilage. Here the presence of 
residues of 2.52 and 3.60 ug per g of oxy- and chlor- 
tetracycline, respectively, for the 15 ppm dip, and 2.40 
and 2.88 ug per g for the 20 ppm after 15 days, was not 
protective. 

The results of dipping crabmeat in solutions con- 
taining 30 and 40 ug per ml are noted in table 3. 


By the 8th day of storage, the counts were lower than 
expected. That the control had less than one million 
at that time, indicated a good to high quality product 
to begin with. And this was substantiated by the 24 hr 
counts, all low. 

By the 15th day, however, all the meat showed the 
spoilage normal for that storage period. Here again, 
treatment was ineffective. Oxytetracycline residues 
present in the meat at the end of the storage were 2.8 
and 3.7 ug per g for the 30 and 40 ppm dips, respectively, 
while chlortetracycline assayed at 5.2 and 6.7 yg per g. 

To try to break-through the 15 day storage period, 
dips containing 60 ppm were employed. Storage life in 
this instance was judged solely by organoleptic evalua- 
tion. Residue analysis showed that the meats contained 
35.0 and 37.0 wg per g of oxy- and chlortetracycline 
respectively at the beginning of the storage period. 
Again, 15 days was the storage limit. At that time, the 
meats contained 13.5 and 22.0 ug per g of the antibiotics. 
In addition, the chlortetracycline treated meat had a 
green cast. This would, of course, preclude its use. 

The data reported here appear to indicate that al- 
though antibiotic treatment could briefly suppress bac- 
terial numbers, it was ineffective in extending the pres- 
ently attainable storage life of crabmeat. 

In general, a rising pH was seen as the storage period 
increased. Although this is in accord with the findings 
of others (Alford et al., 1941; Harris, 1932) that fresh 
crabmeat pH’s between 7.4 to 7.6 and rises to 8.0 to 
8.5 on spoiling, it is not generally used as a guide to 
quality or indicator of storage life. 

Table 4 compares two concentrations of each of the 
antibiotics against an untreated control for ability to 
extend storage life of shucked oysters. 

In general, the treated group, irrespective of anti- 
biotic or concentration, had lower bacterial counts 
than the untreated control. The lower counts of the 
treated samples became evident at the 10th day and 
persisted through the 50th day. 
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TABLE 4 


Treatment: 


Blow Tank 3 Min. Conc 
0 6 8 

ppm 
OTC* 5 0.35 0.31 0.40 
CTCt 5 0.52 0.43 0.47 
OTC 15 0.43 0.31 0.38 
CTC 15 0.75 0.34 0.62 
Untreated (not 0 0.52 0.48 0.49 


dipped) 


* Oxytetracycline as contained in Biostat, product of Chas. Pfizer & Co., Brooklyn, New York. 


Effect of various antibiotic treatments on the spoilage of commercially shucked oyster meats 


Total Viable Aerobic Bacteria X 10¢ /g per Days of Storage 


w | 
~ 
uy 
— 


10 15 17 
0.40 | 0.32 | 0.30 0.19 0.30 
0.74 0.44 0.93 0.28 0.26 
0.47 0.23 | 0.39 0.12 0.21 
0.33 | 0.26 | 0.79 0.38 0.15 
ose | 22 | 1.7 19. 19. 


+ Chlortetracycline as contained in Acronize, product of American Cyanamid Chem. Corp., New York City. 


Storage temperature 1 C. 


All data are the mean values of triplicates showing variations, normally encountered in plate counts. 
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Figure 1. Treated and untreated samples of oysters in 
which pH is plotted against storage time. 


During the 50 day period, however, concomitant 
sensory evaluations by both commercial processors 
and the laboratory staff failed to reveal organoleptic 
differences between the five samples. The processors 
indicated all samples to be equally acceptable and satis- 
factory for commercial use. 

This lack of differentiation between treated and un- 
treated samples has been further illustrated in figure 1 in 
which pH is plotted against storage time. Such deter- 
minations are frequently used as a guide to over-all 
oyster quality. It is evident that little difference exists 
between the samples. At the 50th day, a steep drop in 
pH of the untreated sample was seen. It is tempting 
to equate this with the very high bacterial count also 


TABLE 5 
Residual antibiotic concentrations in commercially shucked 
oyster meats 


Antibiotic Residues, ug/g 


Treatment: Blow Tank z $ 
i In Fried, 


3 Min Conc Days in storage at 1 to 4 C 
Saar — Breaded 
0 5 21 50 Oysters* 
bm 
OTCt 5 | 4.9 2.3 | 2.47 1.2 0.14 
CTCtf 5 2.9 2.0 | 2.4 3.1 0.36 
OTC 15 §.35 | 4.9 | 5.1 3.43 0.36 
CTC 15 9.0 8.8 |11.6 11.0 0.91 
Untreated (not 010 0 0 0 0 


dipped ) 


* Internal temperature, 212 F, 12 min cooking time. 

t+ OTC Assay performed by Chas. Pfizer & Co., Brooklyn, 
New York, F & DA Cup-plate. 

~ CTC Assay performed by American Cyanamid Chemical 
Corp., New York City, F & DA Cup-plate. 


seen at that time. Because, however, a similar high 
count was present at the 39th day without the lower 
pH, it does not appear tenable to do so. 

The general shape of these pH curves appears to be 
similar to that obtained by others (Baldwin et al., 
1941; Gardner and Watts, 1956; Hunter and Linden, 
1923) but without the organoleptic qualities proposed 
for segments of the curve. It has been suggested that 
pH 6.3 to 5.9 indicates high quality oysters while stale 
to sour oysters are indicated at pH 5.8 to 5.6; below 
this are the foul to putrid meats. Sensory evaluations 
by our staff and commercial processors failed to bear 
this out with the oysters used in this test. 

It must be pointed out that at the 17th day, and 
thereafter, discrepancies as to the sensory qualities of 
the oyster meats existed between the laboratory staff 
and the commercial processors. Although no differ- 
ences, as noted earlier, could be detected between the 
treated and untreated samples, the staff indicated all 
oyster samples to be “off”? (having a sour tomato juice- 
like odor) while the processors agreed that they were 
all “definitely”? acceptable. 
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This discrepancy raises the suspicion that the re- 
ported differences in edible storage life and general 
acceptability of various products may well be due to 
different standards of evaluation. 

It may appear that an unusually long storage period 
was obtained for the untreated oysters when in the in- 
troduction we stated that up to 15 days was their 
normal storage life. The statement in the introduction 
refers to ‘‘The typically fresh flavor and appearance”’ of 
oysters. Many oysters are sold, which people buy, that 
are not typically fresh, by far. These may have been 
in storage 30 days. Although this study indicated that 
both untreated and treated oysters were satisfactory 
after 50 days,® it should be kept in mind that there was 
a discrepancy between the organoleptic evaluation 
rendered by the laboratory personnel and the proces- 
sors. Our people found these same oysters, both 
treated and untreated, to be “off” by the 17th day, more 
in line with that normally encountered. 

In addition, the unusually long storage period at- 
tained may have been due to the type of refrigeration. 
In our laboratory, mechanical refrigeration maintains 
the walk-in ‘‘box”’ at approximately constant tempera- 
ture. A variation of 6 degrees (33 to 39 F) may occur 
over 7 days. This is quite different from the 40 to 50 F 
condition generally seen in commercial plants. 

Although it has not been reported, it may be that in 
the lower temperature ranges oysters can maintain an 
acceptable, though not a typically fresh, condition for 
an extended period. 

Table 5 shows the antibiotic residues present during 
the storage period and after frying for 12 min to an 
internal temperature of 100 C. 

It is uncertain whether the widely different figures 
for oxy- and chlortetracycline at zero days represents 
true differences in actual tissue penetration or a char- 
acteristic attributable to the assay procedures or both. 

In either case, the concentrations present at all sam- 
pling periods are substantial. The fried oysters, on the 
other hand, contain substantially smaller amounts. 

During the 3 min “blow” period using a chlor- 
tetracycline solution of 15 wg per ml, the foam, gen- 
erated by the bubbling action of air-in-water, became 
green. This suggested that a lesser amount of anti- 
biotic would be available for treatment. Assay, how- 
ever, showed no untoward loss; in fact, that treatment 
contained the highest residue. 
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SUMMARY 


The results herein reported tend to support observa- 
tions made in our laboratory during the past 2 years 
that crabmeat of high quality loses this quality during 
the first 6 to 8 days storage. Crabmeat kept beyond 
this time lacks the strong typical flavor; a flatness be- 
comes evident though the meat is still quite edible, 
Spoilage occurs shortly after the ‘flat’? stage, from 10 
to 15 days after storage at 1 C. 

Chemical treatment with antibiotics as reported here 
have not been able to extend the storage life presently 
attainable with untreated meat. 

Decreased bacterial counts have been obtained with 
antibiotic treatments in some instances, but this treat- 
ment does not extend the length of fresh storage. 

Similarly with oysters, antibiotic treatment has been 
able to reduce the total viable aerobic population, but 
the storage life was not increased beyond that of the 
untreated samples. 

From the data obtained, the conclusion seems un- 
avoidable that antibiotics as employed in this study 
were unable to extend the useful storage life of crab and 
oyster meats. 


ADDENDUM 


Since this work was completed, dips of 120 yg per 
ml of oxytetracycline were employed and no increase 
in storage life was obtained. 
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Previous studies (Costilow et al., 1955) demonstrated 
that the yeasts found to be most prevalent in cucumber 
fermentations were completely inhibited by 0.01 per 
cent sorbic acid in an 8 per cent salt (NaCl) medium 
at pH 4.6. As the pH was increased and/or the salt 
concentration decreased, more sorbic acid was required 
for complete inhibition of some of the yeasts tested. 
Cultures of Pediococcus cerevisiae, Lactobacillus plan- 
tarum and Lactobacillus brevis isolated from cucumber 
fermentations (Costilow et al., 1956) were not affected 
appreciably by sorbic acid in concentrations up to 0.1 
per cent. 

Phillips and Mundt (1950) and Jones and Harper 
(1952) reported that 0.1 per cent sorbic acid would pre- 
vent the growth of surface yeasts on cucumber fermen- 
tations without interfering with acid fermentation. The 
former authors found that concentrations less than 0.1 
per cent were not completely effective. Borg et al. 
(1955) observed that 0.1 per cent sorbic acid would in- 
hibit the growth of fermentative yeasts in cucumber 
fermentations; but, also, markedly inhibited the acid 
fermentation. Furthermore, the treatment was found to 
impair the curing and the color of the fermented 
cucumbers. 

As a result of our laboratory experiments, it was de- 
cided to test a number of sorbic acid concentrations in 
experimental cucumber fermentations to determine 
their effect on the yeast and acid fermentations. 


METHODS AND MATERIALS 


Table 1 shows the number of fermentations of each 
sorbic acid treatment studied and their distribution. 
The 1954 fermentations were all in 45-gallon barrels 
except for one series of treatments in 30-bushel tanks. 
In 1955, three series of treatments were conducted in 
barrel lots, one series in 30-bushel casks and the re- 
mainder in commercial scale lots (250- to 800-bushel 
tanks). All fermentations in 1956 were conducted in 
commercial scale lots. 


' Journal Article No. 2074. 
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Three varieties of cucumbers were brined in 1954: 
namely, SR-6, MR-17 and National. The cucumbers 
used in 1955 and 1956 were SR-6, with the exception of 
one station each year where a mixture of SR-6 and 
MR-17 was used. All lots were of no. 3 size (15¢ to 2 
in. diameter) fruit, except for one replication in 1955 
and two in 1956 which were mixed no. 2 and no. 3 sizes 
(11g to 2 in. diameter), and two replications in 1956 
with oversize cucumbers (2 to 2!¢ in. diameter). 

Sorbic acid powder was used in all fermentations 
studied in 1954 and in one replication of the 1955 
series. In the remaining fermentations, the sorbic was 
added in the form of 25 per cent sodium sorbate 
solution. 

Concentrations of sorbic acid in the barrel lots were 
all calculated on the basis of per cent of the weight of all 
the water in the fermentation; that is, the weight of 
the water added in the brine plus 90 per cent of the 
cucumber weight. The small scale operations permitted 
very accurate determinations of these weights. It was 
not possible to obtain comparable accuracy in most of 
the experimental lots in large tanks. Therefore, a ratio 
of sorbic acid treatment per 100 bushels of cucumbers 
approximately equivalent to a given percentage was 
developed from available data. This ratio was found 
to be as follows: 1 lb of sorbic acid per 100 bu of cucum- 
bers equals approximately 0.01 per cent based on total 
water weight. It is obvious that this figure will be in 
error to some extent in most fermentations. If the 
cucumbers are packed tightly into the tank, the concen- 
tration of sorbic acid would be higher than estimated 
and vice versa. However, it is believed that the normal 
variations occurring were not of great significance in 
this respect. The concentrations were checked in one 
of the replications where accurate measurements of 
cucumbers and brine were possible and found to be 
quite close to the estimated levels. 

The experimental fermentations were brined at 
various salt levels each year but all treatments per 
replication were brined at the same level. Table 2 
gives a breakdown of the number of replications brined 
at different salt concentrations each year. 

The average brine temperatures during the months of 
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August and September respectively were as follows: 
1954, 20.4 and 19.3 C; 1955, 25.1 and 20.9 C; and 1956, 
21.8 and 17.6 C. 

All fermentations were sampled at frequent intervals 
during the early phase of fermentation. The techniques 
for sampling, determination of acid and salt concentra- 
tions, and the counting of yeasts, coliforms and acid- 
producing bacteria were as outlined by Costilow and 
Fabian (1953). Brine temperatures and salometer 
readings were recorded at the time of sampling. 


RESULTS 
Effect of sorbic acid on subsurface yeast activity in 


cucumber fermentations. Sorbic acid proved to be a 
very effective inhibitor of yeasts in cucumber fermen- 


TABLE | 


Distribution and number of fermentations of each sorbic acid 
treatment studied 


Brining Season 


Totals 
1954 1955 1956 
No. of locations where studies 6 5 5 11 
were made 
No. of fermentations studied per 
treatment: 
Controls ae 10 10 37 
Sorbic acid (%) treatments :t 
0.01 10 10 
0.02 10 10 
0.025 10 10 
0.038 10 10 
0.05 17 10 27 
0.10 17 17 
Total no. of fermentations 51 10 30 121 


* A total of 11 different locations was used during the 3-yr 
period. 

+ All sorbie acid concentrations in 1954 were calculated on 
the basis of the weight of the water in the brine plus 90 per 
cent of the cucumber weight. In the 1955 and 1956 studies with 
large tanks, the concentrations were estimated on the following 
basis: 1 lb of sorbic/100 bu cucumbers equals approximately 
0.01 per cent. 


TABLE 2 


Initial brine strengths of fermentations studied 


; No. of Replications Per Salt Treatment* 
Brine Strength 


(Salometer) 


1954 1955 1956 
20-24° 2 2t 4t 
25-30 3 3 { 
30-34° 8 3 2 
35-40° 4§ 2§ 


* All brine strengths raised 1 to 2° salometer per week unless 
otherwise noted. 

+ One series held 2 to 3 weeks and then raised. 

t Two series held 3 to 4 weeks and then raised. 

§ Held 2 to 3 weeks and then increased 1 
week. 


salometer per 
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tations. Figure | shows the log average yeast popula- 
tions in the fermentations studied for each treatment. 
All populations were averaged at 5-day intervals for 
the first 30 days of fermentation and at 25-day intervals 
from 30 to 80 days of fermentation. The 1954 data for 
yeast counts are based on 17 replications per treatment 
on which a total of 618 counts were run, the 1955 data 
from 10 replications on which 391 counts were run, and 
that of 1956 from 10 replications on which 304 counts 
were run. 

It was evident at the conclusion of the 1954 studies 
that 0.05 per cent sorbic acid was approximately as 
effective as 0.1 per cent in the inhibition of yeasts in 
these fermentations. Therefore, in an effort to find the 
minimum effective levels for use, 0.01, 0.025, and 0.05 
per cent concentrations were used in 1955. It is obvious 
from these results that all three levels of sorbic acid 
reduced yeast activity greatly. However, the yeast 
populations did increase to a fairly high level after an 
extended period when 0.01 per cent sorbic was used. 
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Figure 1. Control of subsurface yeasts by sorbie acid treat- 


ment. 
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No significant yeast activity developed when 0.025 and 
0.05 per cent sorbic acid was used. 

The 1956 data indicate that yeast control was not 
quite as good with 0.02 per cent sorbic acid as with 0.03 
per cent, although yeast growth was relatively low in 
each case. In two of the ten replications of the 0.02 
per cent treatment, yeast populations attained rela- 
tively high levels while in the other eight yeast growth 
was well controlled. This indicates that this level of 
treatment is somewhat marginal, and that slightly 
higher levels (0.025 to 0.03 per cent) should be used to 
obtain more uniform control. 

Effect of sorbic acid on lactic fermentation in cucumber 
brines. The lactic fermentation occurring in the brines 
was followed by titration of acid and by determining 
populations of acid-forming bacteria. Average values 
for the titratable acidities (calculated as per cent lactic) 
of the various treatments are presented in figure 2. As 
with the yeast populations, the values plotted are 
averages at 5-day intervals through 30 days of fermen- 
tation and at 25-day intervals thereafter. 

It is obvious from these results that the average lactic 
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Figure 2. Kffeet of sorbie acid on lactic acid development 
in cucumber fermentations. 


oto 


acid development was not significantly affected by any 
concentration of sorbic acid other than 0.1 per cent. 
As one would expect, the effect of 0.1 per cent sorbic 
acid was more pronounced in some fermentations than 
in others. This was particularly true when the brine 
strength was varied. This is illustrated in figure 3 which 
shows the average lactic acid development in duplicate 
lots of treatments which were brined at 20° and 40° 
salometer and of four lots per treatment brined at 30° 
salometer. It should be noted, also, that a reduction in 
acid development was evident with the 0.05 per cent 
sorbic acid treatment in the 40° salometer brines. 

In three of the ten replications studied in 1955, a 
trend was noted which indicated that acid fermentation 
was inhibited slightly by increasing concentrations of 
sorbic acid. However, these differences were not great 
enough to be reflected in the averages. Therefore, they 
are of questionable significance. 

Data with respect to total populations of acid-forming 
bacteria correlated very well with that of acid develop-. 
ment in the fermentations. In some instances, greater 
differences between treatments were evident in titrat- 
able acidity curves than in populations of acid-forming 
bacteria. Figure 4 illustrates the average acid-forming 
bacteria populations in the same fermentations for 
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Figure 3. Effect of sorbie acid on lactic acid development 
in cucumber fermentations brined at 20, 30, and 40° salometer. 
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which acid production rates are presented in figure 3. 
On comparing these two figures, it is obvious that the 
measurement of acid reflects greater differences due to 
brine strength and sorbic acid treatment than bacterial 
population studies. 

Control of surface-yeasts by sorbic acid. Most of the 
experimental fermentations were not protected from 
the sunlight and, therefore, no surface yeasts developed. 
However, two replications in 1954 and 1956 and one 
series of treatments in 1955 were set up under cover to 
check on the control of such yeasts. Complete inhibition 
of film development was obtained with sorbic acid 
treatments of 0.025 per cent and higher (figure 5). As 
with the subsurface yeasts, the growth of film-forming 
yeasts was delayed by 0.01 per cent sorbic acid but it 
was not completely controlled. The 0.02 per cent 
treatment inhibited these yeasts completely in 32° 
salometer brines but.a thin film was formed in low salom- 
eter brines (20°). 

Measurement of sorbic acid in cucumber brines. 
Samples of the fermenting brines were taken during the 
1954 and 1955 brining seasons and analyzed for sorbic 
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acid content.’ The results of this study are presented 
in table 3. The concentration of sorbic acid present in 
the fermenting brines was from 35 to 65 per cent less 
than the amount added initially. The two sorbic acid 
concentrations are on a somewhat different basis, that 
is, the treatment was based on the per cent of water 
weight and the measurement on per cent of total brine 
weight. One might expect up to 20 per cent difference in 
the two, but this cannot explain the larger differences 
noted here. 

A Beckman Model DU spectrophotometer* was 
obtained prior to the 1956 studies. Therefore, the 
measurement of the sorbic acid concentration in the 
brines was initiated in our laboratory. The method 
proposed by the Chemical and Physical Methods 
Laboratory, Carbide and Carbon Chemicals Company 
(1955) was selected for use. This is essentially the same 
as the method proposed by Melnick and Luckmann 
(1954) and by Luckmann and Melnick (1955) except 
that the sample is not distilled. The brine is filtered, 
diluted, acidified, and the absorbancy determined at 
263 mu wave length. 

Preliminary studies showed that there was some 
unknown material(s) in the brines to which no sorbic 
had been added which absorbed light at the same wave 
length as sorbic acid. Furthermore, the amount of this 
irrelevant absorption varied from one fermentation to 
another. In fact, in one replication of the 1956 treat- 
ments, the absorbancy of the control brine was approxi- 
mately equal to that of the brine treated with 0.02 per 
cent sorbic acid. The average miscellaneous absorption 
at 263 my for 21 determinations run on the brine from 
one control tank was equivalent to 0.006 per cent sorbic 
acid, while the average of 21 measurements of another 
control at the same location was equivalent to 0.011 
per cent sorbic acid. The average miscellaneous absorp- 
tion in the brines from 10 control tanks in 1956 was 
equivalent to 0.008 per cent sorbic acid and the stand- 
ard deviation was 0.003. Because there is no way to be 
sure of the amount of irrelevant absorption in the 
treated brines, a very large error in determination is 
possible. 

Efforts were made to separate the sorbic acid from 
the unknown material(s) in the brine which absorb 
at the same wave length. Distillation by the technique 
described by Melnick and Luckmann (1954) or extrac- 
tion with organic solvents failed to effect any separation. 


DiscussION 


The results of this study demonstrate that sorbic 
acid in concentrations of much less than 0.1 per cent 


3Samples were pasteurized in flowing steam and then 
shipped to Carbide and Carbon Chemicals Company, South 
Charleston, W. Va., for analysis. 

‘ Beckman Instruments, Inc., Fullerton, Calif. 
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Figure 5. Control of film-yeasts by sorbic acid treatment 


will effectively inhibit both subsurface and film-forming 
types of yeasts in cucumber fermentations. These results, 
in general, had been predicted from studies conducted 
in the laboratory with pure cultures of the yeasts which 
are most frequently found in these fermentations 
(Costilow et al., 1955). While the sorbic acid treatment 
required for complete control of yeasts in actual fer- 
mentations was greater than the level predicted from 
laboratory studies (0.01 to 0.02 per cent), the actual 
sorbic acid concentrations in the fermenting brines were 
in many instances lower than this. 

Phillips and Mundt (1950) and Jones and Harper 
(1952) found 0.1 per cent sorbic acid necessary for 
complete control of film yeasts in cucumber fermenta- 
tions. However, a later report by Jones et al. (1956) 
indicated complete control of yeasts with a concentra- 
tion of 0.1 per cent sorbic based on the weight of the 
brine in the fermentation. This would amount to a 
final concentration after equalization of 0.03 to 0.04 
per cent and would be in line with the results of this 
study. No other reasons are apparent for the differences 
in observations reported here and the foregoing with 
respect to the efficiency of this compound as a yeast 
inhibitor. 


TABLE 3 


Measured sorbic acid concentrations in the fermenting brine 


vear | “Read _| Fermenta- | 2,0 sett coal 
Treatment* ples Range Averaget 

% days % % 

1954 0.050 3-7 17 0 .025-0 .050 0.033 
24-38 16 0.012-0 .032 0.023 

0.100 3-7 17 0.051-0.090 0.067 

24-38 17 0.039-0 .069 0.060 

1955 0.010 60 9 0.001-0 .007 0.004 
0.025 60 10 0.006-0.012 0.008 

0.050 60 8) 0.014-0.032 0.024 


* Calculated on the basis of water weight. 
+ Per cent by weight. 


The effect of sorbic acid on the lactic acid fermenta- 
tion of cucumbers is very dependant on brine strength, 
that is, the higher the salt (NaCl) concentration, the 
greater the inhibition of lactic fermentation. Therefore, 
higher concentrations of sorbic acid may be used in 
conjunction with low salt levels than with high. How- 
ever, in cucumbers salted between 20° and 35° salom- 
eter, a sorbic acid treatment of 2.5 lb per 100 bu of 
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cucumbers (about 0.025 per cent) should not impair 
lactic development and yet inhibit yeast growth. 

Phillips and Mundt (1950) reported that lactic acid 
development in fermentations treated with 0.1 per cent 
sorbic acid was delayed slightly, but that eventually 
more acid was developed in the treated lot than was 
ever attained in the control. However, their data show 
that the highest per cent acid in the control was attained 
after 16 to 19 days, fermentation while this level was 
not attained in the treated lot until from 50 to 60 days. 
The maximum acid level attained in the control was 
only about 0.3 per cent which is quite low even for high 
salometer brine fermentations. Their results were com- 
plicated by the fact that the lactic acid concentration 
in the control should have continued to increase but, 
instead, decreased due to rapid utilization by film 
yeasts. This is always encountered when small con- 
tainers are used for fermentations and nothing is used 
to prevent the growth of the surface yeasts. 

Borg et al. (1955) observed an even greater effect of 
0.1 per cent sorbie acid on the lactic fermentations in 
brines ranging from 35 to 37° salometer than was ob- 
served in this work. Here again, there was a difference 
in the calculation of percentages. These workers based 
the percentage of sorbic acid treatment on the total 
weight of cucumbers and brine, while in this work the 
percentage was based on weight of the total water in 
the fermentation. Therefore, the concentration used in 
the work reported here would only amount to about 80 
per cent of that used by Borg and his associates. 

Luckmann and Melnick (1955) have shown that ap- 
proximately 100 per cent recoveries of sorbic acid are 
possible from a number of food products by spectro- 
photometric measurement. In conducting this work, 
they supplemented the foods with sorbic acid and re- 
tained an unsupplemented fraction as a control. This 
results in a true control in which the light absorption 
due to substances other than sorbic acid will be the same 
as in the sample containing sorbic acid. It was shown 
that this irrelevant absorption could amount to as 
much as 46.8 per cent of the absorption due to sorbic 
acid even when a 0.1 per cent sorbic acid supplement 
was used. This was found to vary greatly from food to 
food. However, Luckmann and Melnick did not present 
data for the variation in irrelevant absorption between 
samples of the same product. In the present study, the 
between-samples variation in irrelevant absorption 
was found to be very high in cucumber brines and one 
might expect a great amount of variation in other bio- 
logical products. Certainly, this is deserving of further 
investigation. . 
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SUMMARY 


The results of a 3-year study of the effect of sorbic 
acid on microbiological activity in cucumber fermenta- 
tions are presented. This study involved 121 experi- 
mental cucumber fermentations distributed among 1] 
different locations in the northern cucumber production 
area. 

Sorbic acid proved to be a very effective inhibitor of 
yeast activity in cucumber fermentations. All levels 
tested from 0.01 to 0.10 per cent were very inhibitory. 
However, some yeast activity, both subsurface and 
film-forming, developed in the fermentations treated 
at the 0.01 per cent level and occasionally with the 0.02 
per cent treatment. Small populations of yeasts were 
noted in some samples from fermentations treated with 
sorbic acid levels of 0.025, 0.03, 0.05, and 0.1 per cent, 
but they were too low to constitute a significant fermen- 
tation. 

Lactic acid fermentation was inhibited by 0.1 per 
cent sorbic acid treatments when the initial brine 
strengths ranged from 20° to 40° salometer; also, it was 
inhibited by 0.05 per cent sorbic acid with initial 
brining at 40° salometer. When 0.03 per cent levels or 
less were used, no significant effect on the acid develop- 
ment was noted. 

The sorbic acid levels as measured spectrophoto- 
metrically were always lower after equalization than 
calculated in the treatment. While it was shown that 
fairly large errors may occur in measurement, this does 
not account for the consistently low measured concen- 
trations. No explanation for this is available at this 
time. 
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Seeliger (1952) and Henriksen (1955) have rightly 
pointed out that in the current methods of detection or 
enumeration of coliform bacteria in foods, that is, with 
the help of solid or liquid lactose-base media, an 
important class of Hnterobacteriaceae of public health 
significance, namely, the Paracolobacteriaceae (Stuart 
et al., 1943; Hobbs et al., 1949; Murphy and Morris, 
1950; Edwards and Ewing, 1952; Heyl, 1954; is missed. 
Henriksen (1955) has suggested that this situation be 
corrected by substituting in current formulae mannitol 
for lactose because mannitol is a polyol that is fer- 
mented with gas formation by many Enterobacteriaceae 
including most Paracolobacteriaceae. So far, Henriksen’s 
excellent suggestion has neither been applied in food 
microbiology, nor even received proper attention. We 
have investigated therefore, the possibilities for apply- 
ing mannitol base media in the hygienic evaluation of 
foods. 


MATERIALS AND METHODS 
Preliminary Experiments 


As a first step, 65 strains of Enterobacteriaceae 
present in the culture collection of the Central Institute 
for Nutrition Research were seeded in a medium 
containing brilliant green bile, 1 per cent mannitol, 
peptone and water. This was done to check their ex- 
pected ability to ferment mannitol in the presence of 
these current inhibitors. Among the cultures investi- 
gated were 16 strains of the genus Escherichia, 13 
strains of Klebsiella, 6 strains of Paracolobacter, 2 
cultures of Profeus, 27 strains of the genus Salmonella 
and one species of Serratia. All strains, except those 


belonging to Proteus, Serratia, Group Providencia, and 
two of the five anaerogenic Salmonella species tested 
(Mossel et al., 1957) formed copious amounts of gas 
in this medium, and mostly so within 24 hr at 37C. 


Use of a Solid Medium 


It is preferred generally in diagnostic bacteriology to 
use solid instead of liquid media because, in the former, 
competition phenomena play virtually no role, while 
the result that isolation of primary cultures is a far 
more reliable procedure. This consideration led to 
using the well-established crystal violet neutral red 
bile agar (violet red bile agar of Bartram and Black, 
(1936)) for the present purpose. Though in this formula 
lactose could have been replaced by mannitol, the 
complete medium supplemented with mannitol is 
preferred to allow laboratories, who so far have used 
the dehydrated culture medium for the enumeration of 
coliform bacteria, to continue to do so. The new medium 
is prepared by adding | per cent of d-mannitol to the 
dehydrated medium and dissolving it together with the 
other ingredients. 

The formula of the medium, for which we propose 
the name CNBLM agar, is therefore: Yeast extract, 
dehydrated, 3 g; peptone, 7 g; sodium chloride, 5 g; 
lactose (optional), 10 g; d-mannitol, 10 g; bile salts, 
dehydrated, 1.5 g; crystal violet, 2 mg; neutral red, 
30 mg; agar, 15 g; water, 1 L (pH = 7.4 + 0.1). 

The medium is not sterilized but, rather, as is usual 
with the classical violet red bile agar, pasteurized by 
heating the ingredients suspended in water to about 
100 C immediately before use. This heat treatment is 
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TABLE 1 


Comparative counts of the four main groups of Enterobacteriaceae 


Species TGY Agar* CNBL Agart CNBLM Agart 
Escherichia coli B 9.1 X 10? 9.6 & 107 
E. coli C.. 3.0 X 108 | 2.3 K 108 | 2.4 & 108 
E.coli D .. 2.2 K 10° | 2.0 XK 10° | 2.1 X 10° 
E. coli J 1.4 X 108 | 1.4 X 108 | 1.5 X 108 
E.coli R... 1.4 X 10° | 1.0 X 108 | 1.0 X 108 
E. coli RCI, 1601. 3.0 K 108 1.3 & 108 | 1.5 & 108 
E. coli V 2.4 X 108 | 2.2 X 108 | 2.2 X 108 
E. freundii.. 6.5 & 108 | 4.9 * 108 | 5.3 & 108 
Klebsiella aerogenes 598 

(Aerobacter ) 5.6 X 108 | 5.9 X 10® | 5.3 X 108 
K. aerogenes 599 (Aero- 
bacter 2.0.X 1 11.7 X 1 12.9 xX 10" 


K. aerogenes 959 (Aero 


bacter) : 1.6 X 108 | 1.8 K 10% | 1.9 < 108 


K. cloacae (Aerobacter) 3.0 KX 108 | 3.1 K 108 | 3.0 X 108 
Arizona Group 1.9 X 10% | 1.3 X 10°§ 1.5 X 108 
Bethesda-Ballerup 

Group 4.4 xX 108 | 5.6 & 108 | 7.0 X 108 
Hafnia Group 4.6 X 109 | 4.7 &K 10°§ 4.2 & 109 
Providencia Group 1.9 X 108 | 1.5 & 108§ 1.7 K 10%§ 
Paracolobactrum 

aerogenoides 1.3 X 10° | 1.2 & 108 1.2 * 10° 
P. coliforme 2.3 X 10° | 1.8 & 10°§ 1.8 « 108 
Proteus B 7.8 X 10° | 4.2 & 10] 3.7 & 1088 
Proteus W 4.3 X 10° | 4.5 & 10®4| 4.4 K 10%§ 


Salmonella anatum 


(S. anatis) 1.8 X 108 1.9 X 108 
S. sp. (Type Bareilly) 5.1 X& 108 3.9 X 10° 
S.sp. (Type Berta) 73x 10" 8.0 X 107 


S. bovis-morbificans 
(morbificans) Lik 0.7 X 10° 

S. sp. (Type 
Braenderup) 


x 


107 6.0 X 107 


S. choleraesuis, 


H.S — 22.. 1.0 X 105 0.7 X 108 
S. choleraesuis, 

HS + 22 1.3 X 10° — 1.2 X 10° 
S. sp. (Type Dublin) 3 1.0 X 10° 1.0 X 10° 
S. sp. (Type Dublin) 19. .| 2.4 & 108 1.9 <X 108 
S. enteritidis 1.1 X 108 0.8 X 105 
S. sp. (Type Kaapstad) 3.3 X 10° 3.1 X 10° 
S. sp. (Type 

Newington) 5.5 X 10° - 3.5 X 10° 
S. sp. (Type Newport) 4.6 X 108 4.5 X 108 
S. sp. (Type 

Oranienburg). 1.0 X 109 - | 1.0 X 10° 
S. sp. (Type Oregon) 2.4 X 10° 13.5 X 109 
S. paratyphi A. 4.4 X 10% - 13.7 X 108 
S. paratyphi B 1.2K 10 | 6.0 X 108 
S. pullorum.. L.7 ok 10° - 1.0 X 10° 
S. pullorum R.. 1.3 X 108 — | 1.2 X 108 
S. sp. (Type Sendai) .....| 2.8 & 108 - | 3.1 X 108 
S. sp. (Type 

Senftenberg).. . 4.2 X 108 | 4.0 X 108 
S. suipestifer 

(S. choleraesuis). 1.0 X 10° — 0.8 X 10° 
S. typhimurium 3.4 X 10° 3.0 X 10° 

7.0 X 10° : <10° 


S. typhisuis. . 
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TABLE 2 
Comparative counts of bacteria potentially interfering with the 
enumeration of Enterobacteriaceae in mannitol media 


Species TGY Agar — — 

Bacillus cereus, Smith 232 2.1 X 10 <10 
B. cereus, Smith 233 3.8 X 105 <10 
B. polymyxa 3.4 & 108 <10 
B. polymyxa 7575 2.0 X 10° - <10 
B. subtilis, Marburg strain 2.0 < 105 <10 
B. subtilis B 91 6.3 X& 108 - <10 
Staphylococcus aureus 1829 3.6 X 10% <10 <10 

(Micrococcus pyogenes var. 

aureus) 
S. aureus 1850 8.9 xX 108 <10 <10 
S. aureus 1878 1.6 X& 105 <10 <10 
S. aureus 1910 2.0 X 108 <10 <10 
S. aureus 1973 2.3 X 10° <10 <10 
S. aureus 1989 1.6 X 108 <10 <10 
Streptococcus faecalis Reading | 6.2 X* 107 <10 <10 

N 83 
S. faecium P 6 1.9 X 10’ <10 <10 
S. zymogenes 1.8 X 10’ <10 <10 
S. lactis G 16 2.6 X 10% <10 <10 
S. lactis 30 ba OK EGF <10 <10 
S. lactis 3132 2.4 X 10% <10 <10 


sufficient, because, like count plates of the original 
lactose base agar, plates of the new medium are incu- 
bated for about 18 hr at 36 + 1 C. 


RESULTS 


Tests with Enterobacteriaceae. A total of 44 strains 
of Enterobacteriaceae were counted in tryptone glucose 
yeast extract agar (TGY agar; Buchbinder et al., 1953) 
after 3 days incubation at 32 C, and in crystal violet 
neutral red bile lactose mannitol agar (CNBLM) after 
about 18 hr at 37 C. The strains were 8 cultures of 
Escherichia, 4 of Klebsiella, 6 of paracolobacter, 2. of 
Proteus, and 24 of Salmonella. The coliform and para- 
colobacter strains were also counted in standard violet 
red bile agar (CNBL) after 18 hr at 37 C to obtain a 
comparison of the two media. 

The results obtained are shown in table 1. It appears 
that the new mannitol agar (CNBLM) is as suitable 
for counting coliforms as the old one (CNBL), but 
moreover permits almost quantitative recovery of 
many paracolobacters and salmonellae, which grow 
barely or not at all in violet red bile agar. The new 


* Tryptone glucose yeast extract agar. 

+ Violet red bile agar. 

t Crystal violet neutral red bile lactose mannitol agar. 
§ Colonies of diameter < 1 mm. 

{| Pin point colonies. 

The species designations included in the table have been 


modified by the editor to conform with Bergey’s Manual of 
Determinative Bacteriology, 6th edition, The Williams «& 
Wilkins Company, Baltimore, 1957. 
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CNBLM agar therefore fulfills the requirement that 
many lactose negative Hnlerobacteriaceae are detected 
that are ordinarily missed when foods are tested for 
faecal contamination. 

It should be realized, however, that many Proteus 
bacteria as well as one type of Paracolobacteriaceae, 
the group Providencia (Kauffmann, 1954), could still 
possibly be missed even when using this improved 
medium. 

Tests with potentially interfering strains. It might 
be anticipated that mannitol positive bacteria not be- 
longing to the Hnterobacteriaceae could interfere with 
counts carried out with the new CNBLM medium. 

To investigate this possibility, 6 strains of the genus 
Bacillus, 6 cultures of Staphylococcus (Micrococcus) 
and 6 strains of Streptococcus were counted compara- 
tively in TGY, CNBL, and CNBLM agar. The data 
obtained from these counts are summarized in table 2. 
These results show that growth of mannitol positive 
non-//nterobacteriaceae is negligible, and for this reason 
the new mannitol agar is also acceptable. 

These results do not preclude, however, that other 
food bacteria form large violet colonies, resembling 
those of Enterobacteriaceae in CNBLM agar, just as 
they sometimes do in violet red bile agar (Druce et al., 
1957). Therefore, the new medium, like violet red bile 
agar, may only be considered as yielding presumptive 
counts, Which may need confirmation. 
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SUMMARY 
Violet red bile agar to which one per cent of d- 
mannitol is added immediately before use (CNBLM 
agar) appeared to secure quantitative recovery of 
lactose positive as well as many lactose negative 
Other mannitol positive bacteria 
do not grow in the medium. 


Enterobacteriaceae. 


CNBLM agar might therefore be used for the hygi- 
enic evaluation of foods to detect many lactose nega- 
tive Enterobacteriaceae together with coliforms. 
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Potassium is reputed to be the most prevalent cation 
in living cells (McQuarrie, 1953) and bacterial cells 
are not excepted. One of them, Micrococcus pyogenes 
var. aureus, was found by Barber (1931) to contain 
in its ash 10 to 20 times more potassium than other 
microorganisms such as Vibrio comma, Shigella dysen- 
tertae, and Salmonella aertrycke. In studies by Gale 
and his colleagues (1953), 100 mg of dry cells of Staphy- 
lococcus aureus were found to contain 100 yum (0.1 
mM) of potassium. In view of these findings, it is not 
surprising that Haynes et al. (1954) found M. pyogenes 
to require 0.6 to 0.7 mM of potassium per 150 ml of 
medium for optimum growth. This conclusion, however, 
was derived from experiments conducted at 30 C. We 
became interested in determining whether the require- 
ment and the response would vary at the purported 
optimum for growth, 37 C. At 30 C, glucose was shown 
to retard the rate of population growth and we wished 
also to investigate this relationship at the higher 
temperature. 


MetTHODS AND MATERIALS 


Micoorganisms. As in the previous study (Haynes 
et al., 1954), the greater part of the work was conducted 
with M. pyogenes var. aureus, strain NRRL B-1317P. 
This strain is descended from a selected, highly pig- 
mented colony of the parent, NRRL B-1317, which 
was received in 1951 as 196E from M. J. Surgalla, then 
of the Food Research Institute, Chicago, Illinois. 
Strain 196E is a variant of 196 received by Surgalla 
from G. Slocum, who isolated it in 1940 from a ham 
involved in an outbreak of food poisoning. To give 
breadth to the inquiry, six additional strains of the 
species were also investigated. Their histories are: 

NRRL B-678 is an enterotoxigenic strain isolated 
in the late 1930’s from a cream pie incriminated in an 
outbreak of food poisoning. 

NRRL B-1448 was received from E. P. Casman, 
Food and Drug Administration, as no. 230. It was 
isolated several years ago from cheese involved in a food 
poison outbreak. 

NRRL B-313 is F.D.A. 209 and, so far as we are 
aware, is of unknown enterotoxigenicity. 

1A division of the Agricultural Research Service, U. 8S. 
Department of Agriculture. 
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NRRL B-1318 was obtained from M. J. Surgalla, 
who received it from J. Evans of the Armour Research 
Foundation in Chicago. It had been isolated in 1947 
from wholesome frozen shrimp, but has been proven 
enterotoxigenic by Surgalla ef al. (1953). 

NRRL B-1506 was received from J. Beumer, who 
isolated it from an abscess. Its enterotoxin-producing 
capacity is unknown. 

NRRL B-120 was received from R. Wise as no. 76 
and is of unknown enterotoxin-producing ability. 

Medium. The base medium for all experiments 
(Haynes ef al., 1954) was composed of Protolysate, 
2 per cent; thiamine hydrochloride, 0.05 mg per cent; 
and niacin, | mg per cent in distilled water. The pH 
was adjusted before sterilization to 7.7. This medium 
(PV) was modified as individual experiments dictated. 
PV modified by the addition of KsHPO, is designated 
PVK. PV to which 0.2 per cent glucose was added is 
referred to as PVG and, finally, medium containing 
both additions is labelled PVKG. In experiments 
presented in figures 1 and 2, PV and PVG were em- 
ployed with increasing concentrations of potassium 
at both 30 C and 37 C. 

It is well at this point to emphasize that our media 
contain 0.15 to 0.23 mM of potassium per 150 ml before 
any additions (Haynes et al., 1954). Therefore, the total 
concentration of potassium at each designated concen- 
tration of added potassium on the abscissae of figures 
1 and 2 is in reality higher by this amount. 

Culture preparation. Stock cultures of the micro- 
organisms were carried on slants of PV medium supple- 
mented with 0.1 per cent K2,HPO, and were transferred 
usually once a week. A generous hookful of growth 
from a 66-hr slant which had been incubated at 37 C 
was transferred to 100 ml of PV broth in a 300-ml 
Erlenmeyer flask. The culture was incubated at 30 C 
on a Gump-type* shaker for 22 hr. A culture prepared 
in this manner served as the inoculum in each experi- 
ment except that, in those performed to determine the 


2 A pancreatic digest of casein prepared by Mead Johnson 
and Company, Evansville, Ind. 

Citation of specific products is furnished for convenience 
and does not imply the Department’s endorsement over prod- 
ucts manufactured by others. 

3B. F. Gump Co., Chicago, Il. 
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response to graded concentrations of potassium at 
37 C, the inoculum was incubated at 37 C. The test 
flasks, 500-ml Erlenmeyers containing 150 ml of 
medium, were inoculated with 0.5 ml and incubated 
on a reciprocal shaker at 30 or 37 C as the experiment 
dictated. Flasks were sampled routinely at 24 and 48 
hr, and occasionally at 12 and 72 hr, for pH determina- 
tions and for colony counts by the conventional dilu- 
tion-plating method. The plating medium was PV 
supplemented with | mm of potassium as K,HPO, 
and 2 per cent agar. In many of the experiments, 
packed-cell volumes were also determined by centri- 
fuging 2 to 10 ml of culture liquor in Constable‘ protein 
tubes at maximum speed (2160 + 25 rpm) for 30 min 
in a table-model, International,® clinical-type centri- 
fuge. Standardized procedures were followed in pre- 
paring and raising cultures in order that changes in 
packed-cell volumes and in colony counts would be 
related only to the factor under study in each experi- 

4 Available from the Central Scientific Company, Chicago, 
Ill. 


§ International Equipment Co., Boston, Mass. 


Count 
x 10 
3.00 


1.00 
0.75 





0.50 L L a 
0.1 0.2 03 0405 1,0 20 30 40 8.0 


mM POTASSIUM ADDED PER 150ml. 


NUMBER OF COLONY PREDECESSORS PER 1I50 mi. 


Figure 1. The effect of potassium concentration on the 24- 
hr colony predecessor population of Micrococcus pyogenes as 
influenced by incubation temperature and the presence of 
glucose (G) in the medium. 
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Figure 2. The effect of potassium concentration on the 24-hr 
packed-cell volume of Micrococcus pyogenes as influenced by 
incubation temperature and the presence of glucose (G) in 
the medium. 
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ment. Tests were always run in duplicate and counts 
were made in duplicate from each flask. Further, each 
experiment was repeated, usually in a consecutive 
week. In most instances the colony counts of at least 
ten plates were averaged in arriving at the reported 
values. Ninety-five per cent confidence limits are given 
to show the normal range of deviation from the average. 
RESULTS 

The effects of the three factors studied upon the 
growth of NRRL B-1317P are shown in table 1. (In 
the table, in the curves, and throughout the paper 
the term “colony predecessor count’? or ‘number of 
colony predecessors”? has been used instead of ‘‘viable 
count,” ‘“‘viable population” or “numbers of viable 
cells.”” The reasons for this nomenclature are given in 
the discussion.) The inoculum cultures were brought 
up in PV at 30 C and had colony predecessor popula- 
tions of (5.6 + 0.3) X 10° per ml. This figure slightly 
exceeds the one given in the first paper; the new average 
reflects data obtained in additional experiments. Only 
inocula for the 37 C cultures of figures 1 and 2 were 
incubated at 37 C. They averaged (2.6 + 0.3) X 10° 
per ml. 

From table 1 it may be observed that the presence 
of adequate potassium in 30 C cultures leads to higher 
packed-cell volumes and to higher plate counts. In 
cultures incubated at 37 C, on the other hand, the effect 
of potassium is not nearly so striking. The differences 
in packed-cell volumes are still notable but colony 
counts are only slightly increased over those attainable 
in potassium-deficient cultures. Another noteworthy 
feature of these data is the differing ratio of packed- 
cell volumes to colony counts. Whereas 0.03 ml of 
packed cells in potassium-deficient media is related to 
colony counts of 4 to 6 billion, 0.08 ml is proportional 
to 15 billion in PVK incubated at 30 C, but to only 6 
billion in PVKG at 37 C. These relationships suggest 
that the PVIKG-37 C-grown colony predecessors are 


TABLE 1 
The effects of potassium, glucose, and incubation at 30 and 37C 
on the growth of Micrococcus pyogenes, NRRL B-1317P. 
at 24 hr 





Culture Medium | acubation | No. ot coe | vaneeet 

c ml 

PVG | 30 5.1 +0.6 0.03 

| 37 3.7 +0.7 0.03 

PV 30 5.8 40.5 0.03 
37 4.5 +0.3 0.03 

PVK 30 15.0 +0.6 0.08 

| $37 6.9 +0.6 0.06 

PVKG 30 13.6 +1.6 0.09 
37 5.7 40.5 0.08 


*95 per cent confidence limits indicated. 
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2.5 times as voluminous as those grown in PVK at 
30 C. 

In seeking an explanation for these observations it 
was thought that perhaps cultures incubated at 37 C 
might have higher potassium requirements. If so, the 
high counts and packed-cell volumes attained in 
potassium-sufficient cultures incubated at 30 C could 
be reached at 37 C simply by adding more potassium. 
This possibility was investigated by experiments in 
which the amount of potassium was varied over a wide 
range. In prior studies, this mode of approach taught 
us that sufficient potassium to attain a concentration 
of 0.6 to 0.7 mm per 150 ml of medium must be added 
to gain maximum response in cultures incubated at 
30 C. In figure 1 it will be noted that our hypothesis is 
incorrect insofar as colony predecessor counts are 
concerned. The potassium requirement for maximal 
response of cultures incubated at 37 C is essentially 
the same as it is for cultures grown at 30 C. It is notable, 
however, that the colony counts are much higher in 
30 C cultures and that the increase resulting from going 
from 0.125 mm of added potassium per 150 ml to 0.5 
mM is not less than twofold. An almost insignificant 
increase is seen to follow a similar change in 37 C 
cultures. Insofar as packed-cell volumes (figure 2) are 
concerned, the potassium requirement of 30 C-cultures 
again appears to be essentially the same. In cultures 
grown at 37 C, on the other hand, maximum response 
is not attained unless from 2 to 4 times as much potas- 
sium is added. In other words, the requirements for 
potassium in cultures grown at 37 C is higher than in 
30 C-cultures insofar as packed-cell volumes are 
concerned. 

It is interesting to note how the tolerance to excess 
potassium is affected by incubation temperature and 
the presence of glucose. This is most clearly seen 
in figure 1 where incubation at 37 C instead of at 30 C 
is seen to have reduced the tolerance from at least 8 
mo of potassium per 150 ml of culture to about 2 mM. 
The severest reduction of tolerance is experienced when 


TABLE 2 
The effects of incubation at 30 and 37C upon the growth of several 
strains of Micrococcus pyogenes in a potassium-sufficient 
medium at 24 hr 


Packed-cell 


Colony C o/mi* | 5 
olony Count X 10°%/ml Wisliamee/S onl 


Strain No. Variety 
30 C 37 C 30 C a <¢ 

ml ml 

aureus 15.0 +0.6, 6.9 40.6) 0.08 | 0.06 
NRRL B-678 aureus 14.7 +1.011.3 40.7) 0.06 | 0.05 
NRRL B-1448 aureus 14.0 +0.9) 8.7 40.9) 0.06 | 0.05 
NRRL B-313 aureus 16.8 +1.6 6.3 40.6 0.05 | 0.04 
7 
1 
3 


NRRL B-1317P 


NRRL B-1318 | albus {17.3 1.6 10.7 £0.7| 0.06 | 0.05 
NRRL B-1506 | albus | 9.9 40.8 9.1 +0.8 0.04 | 0.04 
NRRL B-120 | albus | 9.0 +0.913.3 40.6 0.03 | 0.03 


*95 per cent confidence limits indicated. 
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the medium containing glucose is incubated at 37 ¢. 
Under these circumstances, there is no appreciable 
tolerance to potassium in excess of that required for 
maximum response. In figure 2, it is evident that 
packed-cell volumes are less sensitive to excess potas- 
sium than are colony counts. 

To widen the scope of this inquiry, we investigated 
the behavior of six additional strains of M. pyogenes 
to incubation at both 30 and 37 C in media containing 
0.1 per cent K2,HPO,. These data are depicted in table 2. 
It will be seen that all strains, except NRRL B-1506 
and NRRL B-120, respond in a manner similar to 
NRRL B-1317P both in colony predecessor count and 
packed-cell volume. NRRL B-1506 seemingly grows 
equally well at 30 or 37 C while NRRL B-120, on the 
other hand, prefers incubation at 37 C. Only one albus 
strain, NRRL B-1318, resembles NRRL B-1317P in 
preferring 30 C. This strain, it should be mentioned, 
originally produced the orange pigmentation typical of 
M. pyogenes var. aureus and perhaps is more properly so 
identified. It would seem possible from these data that 
the optimum temperature for the growth of MW. pyogenes 
is not the same for all strains. 

Discussion 

In a previous publication (Haynes ef al., 1954) we 
reported that the size of the viable population and the 
volume of packed cells in cultures of M. pyogenes 
depended upon the concentration of potassium in the 
medium. We should now modify this statement to 
substitute the phrase ‘number of colony predecessors” 
for “size of the viable population.”’ This change is 
necessary because it has become important to recollect 
that the correlation between the plate count and viable 
population is of a different nature than usual when 
micrococci are involved. This difference results from 
the occurrence in their cultures of clusters of cells as 
well as of single cells. In plating such cultures, the 
theory that each viable cell will develop into a colony is, 
of course, not valid. Kaeh colony that develops may 
represent a single progenitor or scores of viable cells. 
It follows then that the plate count expresses not the 
“viable population” of the culture but the number of 
colony predecessors. Thus we earlier established that 
the number of colony predecessors and the volume of 
packed cells is dependent upon the concentration of 
potassium in the medium. We now have found that 
the temperature of incubation influences this relation- 
ship and, furthermore, that these two functions of 
growth do not always correspond in their responses to 
different levels of potassium. 

Inasmuch as we are dealing with neither the viable 
nor the total population of our cultures, we realize that 
the higher colony predecessor counts in potassium- 
sufficient cultures may be the result either of disaggre- 
gation of clusters to give a greater number of smaller 
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colony predecessors or of a production of additional 
clusters from newly formed cells. Because the packed- 
cell volumes of potassium-sufficient cultures are also 
greater and because we never have observed a change 
in the size of clusters in cultures regardless of potassium 
adequacy, we are inclined to the latter hypothesis. 

With such strains as NRRL B-1317P, however, if 
incubation is at 37 C instead of 30 C, the synchronism 
between protoplasm synthesis and colony predecessor 
formation is disrupted. Packed-cell volumes of such 
cultures increase steadily in a range from 0.25 to 2.0 
mM of potasium per 150 ml of medium; meanwhile, the 
number of colony predecessors remains constant. Such a 
combination of circumstances should result in formation 
of clusters of larger sizes or to a higher proportion of 
bigger clusters. Again, we were not able to observe 
this because the determination of cluster sizes is, ad- 
mittedly, an unsolved problem. For the same reason 
we have been unable to confirm a suspicion that the 
effect of glucose is also to induce formation of larger 
clusters or higher proportions of larger clusters. None 
of these changes are related to pH because the reaction 
in 24-hr cultures in all four media differs very little 
either from one another or throughout the range of 
potassium concentrations investigated. 

Although 48- and 72-hr observations were recorded, 
they have not thus far been mentioned. Primarily, 
this is because they contribute little more information. 
Colony predecessor counts may increase slightly in the 
period from 24 to 48 hr, but the relationships remain 
essentially unchanged. Thereafter the count always 
declines. The packed-cell volumes of cultures grown in 
PVKG decline between 24 and 48 hr. This contrasts 
sharply with the constancy of the volume of packed 
cells in potassium-sufficient cultures not supplemented 
with glucose. 

Because cultures of NRRL B-1317P and four other 
strains of .M. pyogenes respond maximally to the pres- 
ence of adequate levels of potassium at 30 C and to a 
lesser degree when incubation is at 37 C, we are in- 
clined to recognize the former as the optimum tempera- 
ture for their growth. This choice is at variance with 
the general acceptance of 37 C as optimum for all 
strains of this microorganism. The situation is com- 
plicated by the other two strains, one of which does not 
distinguish between 30 and 37 C, and the other which 


prefers 37 to 30 C. Thus M. pyogenes seems to be 
heterogeneous in its incubation temperature prefer- 
ences. It would be interesting to look for correlating 
characteristics which might lead to taxonomic distinc- 
tions. Our data are too sparse to allow conclusions in 
this regard, but the fact that the four aureus strains 
and the once aureus NRRL B-1318 uniformly respond 
better at 30 than at 37 C might be significant. Alter- 
nately, the preference of the four known enterotoxi- 
genic strains for 30 C could signify a differential 
criterion. 
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SUMMARY 


Strains of Micrococcus pyogenes (Staphylococcus 
aureus and Staphylococcus albus) are found to be hetero- 
geneous in the temperatures they prefer for growth. 
Those which grow best at 30 C respond to adequate 
levels of potassium by producing greater numbers of 
colony predecessors and more cell substance. If they 
are incubated at 37 C, the increases are considerably 
less. The presence of glucose in 37 C cultures further 
modifies the stimulatory effect of potassium. The gener- 
ally wide tolerance of these microorganisms to excess 
potassium is narrowed by the same factors, that is, 
incubation at 37 C and inclusion of glucose in the me- 
dium. 
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The work reported in this paper grew out of a study 
of factors influencing the production of penicillin X 
and was extended to include observations on the pro- 
duction of other types of penicillin namely, penicillins 
G, F, K and para-aminobenzy! penicillin. 


MATERIAL AND METHODS 


Basic media. (a) Natural. A medium containing 4 
per cent corn steep solids, 4 per cent lactose, 1.5 per 
cent Cerelose! (92 per cent glucose) and 0.0044 per cent 
ZnuSO,-7H:O was prepared in 95 per cent of the final 
volume. After adjustment to pH 5.6 to 5.8, it was steri- 
lized by autoclaving. A suspension (20 per cent) of 
valcium carbonate was autoclaved separately. The 
calcium carbonate suspension was added to the broth 
to a final concentration of 1 per cent. The addition 
was made at the time of inoculation. 

As antifoam agent, soya bean oil or lard oil was added 
as indicated below. 

(b) Chemically defined. A medium of known compo- 
sition Was prepared using the concentrations of ammo- 
nium acetate, ammonium lactate, and inorganic salts 
reported by Jarvis and Johnson (1947). To obtain 
maximum yields with the strains of Penicillium used, 
it was found necessary to increase the concentration 
of lactose to 4 per cent and of Cerelose to 1 per cent. 
Moreover, to maintain suitable pH levels during 
fermentation, 0.8 per cent calcium carbonate was added. 
The antifoam agent used will be indicated in the experi- 
ments described below. 

Strains of Penicillium chrysogenum. A number of 
mutants of P. chrysogenum Q176 were developed in 
our Laboratories by Farrell (1953). Several of these were 
shown to possess marked penicillin X-producing proper- 
ties. In the experiments to be reported, one of these, 
UV15, was used. It was added as a spore suspension 
prepared in Foster sporulation broth (loster ef al., 
1945). The ratio of spore suspension was kept constant 
at 2.5 ml per 100 ml of fermentation medium. 

Incubation and containers. The medium was distrib- 
uted in 1-L Erlenmeyer flasks. These were incubated 
on a rotary shaker at 270 complete cycles per min. 
The temperature of the incubator was approximately 
26 C, 


! Canada Starch Co., Cardinal, Ontario, Canada. 


Estimation of the various penicillins. Total penicillin 
was determined by the cup-plate method using 
Staphylococcus aureus (Micrococcus pyogenes var. aureus) 
strain 209P as the test organism. 

A simple chromatographic procedure was used to 
estimate the relative concentrations of the various 
penicillins produced during fermentation. Iilter paper 
strips, '4 in. by 23 in., were cut from Schleicher and 
Schuell? no. 589 filter paper. It was found that. the 
zones of inhibition were of a more regular shape when 
the strips were cut across the water mark than when 
cut along the water mark. Immediately before use, the 
upper 13 in. of the strip were dipped in a procaine 
citrate buffer pH 5.3 (5 g citric acid plus 12.5 g procaine 
base per 100 ml buffer). Excess buffer was removed by 
laying the strip on a clean towel. 

The developing solvent was water-saturated amyl 
acetate. After application of the sample, the solvent was 
allowed to pass down the strips from a reservoir for a 
period of 8 hr. The wet strip was then cut just above 
the spot of application and laid on a tray of agar seeded 
with S. aureus 209P. After incubation for 18 hr, clear, 


2 Schleicher and Schuell Co., Keene, New Hampshire 
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Figure 1. The effect of variation of the volume of medium 


per flask on the amounts of penicillins X and G produced in F 


shake flasks. The medium used was corn steep liquor without 
added precursor. The points shown are the average values 
from ten experiments. 
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round to oblong zones of inhibition were obtained. 
Under these conditions, complete separation of penicil- 
lins X and G was obtained when a sample containing 
approximately 1 unit of total penicillin was applied 
to the strip. 

Maximum width of the zones of inhibition was meas- 
ured with dividers. An estimation of the proportion of 
the various penicillins was made according to Kluener’s 
method (1949). 

Sampling. Duplicate flasks were prepared for each 
experimental trial, along with suitable controls. Each 
flask was sampled on the 4th, 5th, 6th, and 7th days 
of fermentation and, occasionally, on the 8th day. Mach 
sample from the paired flasks was tested for total peni- 
cillin. For the chromatographic separation, the dupli- 


TOTAL 
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cate samples were pooled and tested on at least two 
strips. 

Precursors. In the experiments to be reported, two 
specific precursors have been used, p-hydroxyphenyl- 
acetic acid and p-aminophenylacetic acid. The latter 
was prepared as described by Gilman (1932) and the 
p-hydroxy compound derived from this. 


RESULTS 


The Effect of Volume of Medium per Flask on the 
Proportion of Penicillins 
In corn steep medium. Paired flasks were set up con- 
taining 100, 200 and 300 ml corn steep medium in 1-L 
Erlenmeyers. The antifoam agent, soya bean oil, was 
considered as a simple ingredient of the medium and 
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Fig. 2. The effect of variation of the volume of medium per flask on the amounts of penicillins X and G in corn steep medium 


containing 0.1% p-hydroxyphenylacetie acid. The points shown are the average values from seven experiments. 
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was varied in the same proportion as the medium per 
flask, at a level of 0.25 ml per 100 ml. The ratio of the 
inoculum to the volume of medium also was constant. 
A second group of flasks containing the same three 
volumes of medium to which 0.1 per cent p-hydroxy- 
phenylacetic acid was added was also fermented. The 
effects of the six variations of volume and medium were 
examined on a number of occasions. The averages of all 
determinations on total penicillin and penicillins X and 
G are shown graphically in figures | and 2. The individ- 
ual determinations of all penicillins on the six day sam- 
ples from the flasks containing 100 and 300 ml medium 
(no added precursor) in 10 consecutive experiments 
are shown in table 1. 

In chemically defined medium containing p-hydroxy- 
phenylacetic acid. In the absence of added precursors, 
the modified Jarvis and Johnson medium gives very 
low yields of penicillin. A single experiment in which 
synthetic medium containing 0.1 per cent p-hydroxy- 
phenylacetic acid, distributed in 100, 200, and 300 ml 
volumes was set up. The antifoam agent was lard oil. 
Results are shown in figure 3. 

The results shown in figures 1, 2, and 3 indicate that 
the amounts of penicillins X and G are markedly 
influenced by the volume of medium contained in 
shaken flasks. In corn steep medium, both with and 
without added p-hydroxyphenylacetic acid and in a 
chemically-defined medium p-hydroxy- 
phenylacetic acid, an increase in the volume of medium 
resulted in an increase in penicillin X and a decrease in 
penicillin G. A comparison of the individual determina- 


containing 


tions as shown in table | indicates that an increase in 
volume of medium was accompanied by an increase in 
penicillin X in all experiments. In 9 of the 10 trials, 
an increase in volume resulted in a decrease in penicillin 
G; in the one exception, total penicillin was abnormally 


TABLE 1 
Penicillins found on the 6th day of fermentation in flasks 
containing 100 and 300 ml corn steep medium without 
added precursor 


Penicillins X G F ox K 


Total 


Volume medium 100 300 100) 300 100) 300 100! 300 100) 300) 100 | 300 


(ml) units/ml 

Ten consecutive 82 154149 94114/161) 65, 93141191) 565 705 
experiments 77 183 163 105 129/152 126 83/238 241 770) 795 
133 188 268 174/303) 290 222 174 303 238 1280/1100 

100 137,261) 167 249 210 167,143,116 280, 920) 980 

78 120 165 134/190 214 145 221 228 316) 835 1040 

97 188 217 134/217 146 162 160 217 204) 945 815 

98 198 210 156 231/218 164/156 320/422 1060/1145 

69 179 187)124)154 253) 87/158 163 407 6801145 

65 150 108 144,108:179 46,129 97.242. 375 965 

82 205 164/121/100 60 104 121/122 225 615 805 


AVE <<... 88 170 189 135,179 188,129 144 194,287; 804 953 
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low. The effect of volume on the F penicillins is not 
striking. Penicillin K appears to follow the same pat- 
tern as penicillin X, an increase in volume of medium 
resulting in an increase in K, 


The Effect of Antifoam Agents 


In the above experiments, the volumes of antifoam 
agent were varied in the same proportion as the volumes 
of medium per flask were varied. If one assumes that the 
shaking to which the flasks were subjected produced a 
coarser emulsion in the larger volumes of liquid, then 
the amount of oil per surface would be larger, the larger 
the volume. Such conditions could affect the degree 
of aeration. The effect of the volume of liquid on the 
relative production of penicillins G and X could depend 
on aeration and/or the antifoam agent. The possible 
effect of the antifoam agent was explored. 

To this end, a highly unsaturated and a relatively 
saturated oil, namely soya bean and lard oil, were 
chosen. The iodine numbers for these two oils are 130 
to 135 and 75, respectively. 


The Effect of Soya Bean Oil and Lard Oil on the 
Proportion of Penicillins Formed in Corn Steep 
Medium without Added Precursor 


To paired flasks containing 200 ml corn steep me- 
dium, 0.5 and 2.0 ml soya bean oil were added; and to 
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DAYS OF INCUBATION 
Figure 3. The effect of variation of the volume of a chemi- 
cally defined medium containing 0.1% p-hydroxyphenylaceti¢ 
acid on the amounts of penicillins X and G produced in shake 
flasks, 
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other paired flasks, the same amounts of lard oil were 
added. Control flasks contained no added antifoam 
agent. The experiment was set up on two occasions. 

The effect of the different antifoam agents is shown 
in figure 4. 

(1) Penicillin X. In the absence of antifoam agent, 
penicillin X averaged 108 units per ml. Its level was 
increased by the addition of either oil, greater stimula- 
tion being found with lard oil. 

(2) Penicillin G. On the whole, the level of penicillin 
(; was depressed by the addition of either oil. 

(3) Penicillin F. The concentration of penicillin F 


200 |- ou OS. 
180 F- 

160 fF 
140 F- 
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100 
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was increased by the presence of both oils, marked 
stimulation taking place with the more unsaturated 
oil, soya bean. 

(4) Penicillin dihydro F. Like F,, the concentration of 
dihydro F was increased by both oils. A striking increase 
was observed in the presence of 2.0 ml lard oil, the 
more saturated agent. 

(5) Penicillin K. The effect of the two oils on the 
production of penicillin K closely resembles that found 
with dihydro I’. The addition of 2.0 ml lard oil doubled 
the concentration found in the absence of antifoam 
agent. 
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Figure 4. The concentrations of various penicillins produced in shaken flasks in the presence of soya bean (S.B.O.) and of lard 
oil. For each penicillin the height of the bar represents the average of the concentrations on the 4th, 5th, 6th, and 7th days de- 


rived from two experiments. 
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The Effect of Variation of the Volume of Medium per 
Flask in the Presence of a Constant Amount 
of Oil 

To determine whether the effect of increase in media 
volume was independent of the action of the antifoam 
agent, the following experiment was carried out in 
duplicate. Flasks were prepared containing 100, 200, 
and 300 ml corn steep medium. To two flasks of each 
volume, | ml lard oil was added. Two flasks of each 
volume contained no oil. The levels of penicillins X 
and G obtained are shown in figure 5. 

The results shown in figure 5 (left-hand side of graph) 
indicate that an increase in volume of medium produces 
an increase in the concentration of penicillin X both in 
the presence and absence of lard oil. It would appear 
that the effect of increased volume is largely inde- 
pendent of the effect of oil, although, higher levels are 
attained when oil is present. 

The right-hand side of the graph indicates that 
penicillin G levels are lower in the larger volumes of 
medium and that the effect of the volume variation is 
also largely independent of the effect of lard oil. Also 
lard oil appears to depress the formation of penicillin G. 


The Effect of Volume of Medium per Flask on the 
Formation of p-Aminobenzyl Penicillin 


In corn steep liquor medium. Corn steep liquor broth 
containing 0.1 per cent p-aminophenylacetic acid was 
prepared. This was distributed in 1-L Erlenmeyer 
flasks in 100, 200, and 300 ml amounts. Lard oil in the 
proportion of 0.5 ml per 100 ml medium was added. 

The peak titers of total penicillin and the units per 
ml in the various chromatographic fractions are shown 
in table 2. 
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Figure 5. The effect of variation of the volume of medium 
per flask in the presence and absence of lard oil. Flasks con- 
tained 100, 200, and 300 ml medium. To one group no oil was 
added. The point shown for the level of penicillin in each vari- 
ation is an average of eight determinations: the level for the 
4th, 5th, 6th, and 7th days of incubation from two experi- 
ments. 


[VOL. 5 


In chemically defined medium. An experiment, similar 
to that described above was set up using chemically 
defined medium. The results are shown in table 3, 

The data in tables 2 and 3 indicate that the produc- 
tion of a hydrophilic penicillin, presumed to be p- 
aminobenzyl! penicillin, is depressed as the volume of 
medium is increased. The effect of increasing volume, 
in the presence of p-aminophenylacetic acid, on the 
formation of a hydrophilic penicillin is the direct 
opposite of the effect found when the medium cop- 
tained p-hydroxyphenylacetic acid. 
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TABLE 2 
The effect of variation of the volume of medium per flask on the 
formation of various penicillins in the presence of 


0.1 per cent p-aminophenylacetic acid 


Volume of Medium per Flask (M1 


Peni 
100 200 300 
units/ml 
Total 1300 1100 1000 
Hydrophilic 1040 (80.5°7 ) 850 (77.3¢; 731 (73.1% 
G 168 136 90) 
F 38 30 24 
Dihydro F 30 37 34 
K 17 47 64 


Medium containing 0.1% p-aminophenylacetic acid was 
distributed in 100, 200 and 300 ml amounts. No attempt was 
made to identify the penicillin in the hydrophilic band as 
p-aminobenzy! penicillin so it is designated only as ‘‘hydro 
philic.”’ Its position on the chromatograms is approximatel) 
the same as that found by Brewer and Johnson (1953). 


TABLE 3 
The effect of volume of medium on the formation of various 
penicillins using a chemieally defined medium containing 
0.1 per cent p-aminophenylacetic acid 


Medium Containing 0.1°7, p-aminopheny|- 


Medium Con- 
acetic Acid 


taining 0.1 


Penicillin p-Hydroxy- 

Volume per flask (ml eS 

100 200 300 ml/Flask 

units/ml units/ ml 
Total 985 945 995 770 
Hydro 715 (72.600) 665 (70.390) 606 (610% 181] 

philic 

G 110 92 119 79 
F 3 65 44 120 
Dihydro F 48 55 62 129 
kK 55 58 &5 938 


Chemically defined medium containing 0.19% p-amino- 
phenylacetic acid was distributed in 100, 200, and 300 ml 
amounts. A medium containing 0.1% p-hydroxyphenylacetic 
acid was used as a control. 
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SUMMARY 


The results which have been presented indicate the 
following: 

The proportions and amounts of penicillins X, G 
and p-aminobenzy! penicillin produced in fermentation 
liquors are markedly influenced by the ratio of volume 
of medium to volume of shake flask. An increase in the 
volume of medium was accompanied by an increase in 
penicillin X and a decrease in penicillin G under the 
conditions described. The highest yields of p-amino- 
benzyl penicillin were obtained in small volumes of 
medium, similar to those found optimum for penicil- 
lin G. 


The presence and nature of certain oils can influence 


the amounts of particular penicillins produced. For 
example, the addition of a highly unsaturated oil gave 
marked stimulation to the production of the unsatu- 
rated penicillin IF. A more saturated oil favored the 
production of the sat 


dihydro F and Kk 


rated straight-chain penicillins, 
The production of penicillin X was 
increased by the addition of both soya bean oil and lard 
oil, the greater stimulation being observed with the 
latter. The product ol G was not markedly affected 
by the presence or absence of either oil. 

The results suggest that the optimum conditions for 
the production of penicillins X and G differ markedly 


from each other. The degree of agitation in the small 


volumes was greater than in the larger volumes. This 
uggests that difference in aeration is one factor which 


accounts for the differences observed. Another im- 
portant factor is the amount and kind of antifoam agent 
used. 

tesults presented indicate that in shake flask experi- 
ments, added precursors may be utilized in the forma- 
tion of a specific penicillin without resulting in a signif- 
icant increase in the total yield. Experiments designed 
to assess precursor activity should include variation in 
the amount and kind of antifoam agent used. Results 
of such experiments could be of practical value in deter- 
mining the optimum conditions for large-scale fermen- 
tations. 
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The need of an inorganic gel for the preparation of 
microbiological media arises frequently in nutritional 
studies. The isolation of fastidious microorganisms, such 
as the nitrifying bacteria, may be facilitated by the use 
of solid media prepared with silica gel rather than with 
agar. Until recently, the procedures available for the 
preparation of silica gel were time-consuming and 
inconsistent in the result they produced. As a conse- 
quence, silica gel media were not employed in many 
investigations where their use was otherwise desirable. 

In 1950, Taylor described a greatly improved method 
for the preparation of silica gel. 
produced from sodium silicate 
cation-exchange resin. The silica sol was heat sterilized 
and converted to a gel by adjusting the pH and adding 
inorganic and organic nutrients. 

Smith (1951) improved the method of Taylor and 
presented information regarding the properties and use 
of the silica sols obtained. The ease with which silica 
sol is prepared by ion-exchange methods is reflected in 
a recent increase in the use of silica gel media (Augier, 
1954; Kingsbury and Barghoorn, 1954; Leathen ef al., 
1956; Selkon and Mitchison, 1957). 

The preparation of silica gel and the nature of the 
medium obtained are subject to numerous influences, 
including silica content, pH, temperature, amount and 
type of ions present, and the procedure for sterilization. 
To obtain a satisfactory medium it is necessary to vary 
empirically one or all of the above factors until the de- 
sired result is acquired. The present study was under- 
taken to evaluate systematically and quantitatively 
the influence of various physical and chemical factors 
on the preparation of silica gel. The results permit a 
rational approach to the development and production 
of silica gel media to satisfy individual requirements. 


A stable silica sol was 
solution by use of a 


MATERIALS AND METHODS 


Starting material. Among the several starting materi- 
als available for the preparation of silica gel are Ludox? 
(a colloidal silicon suspension), colloidal silica powder,’ 


1 Paper of the Journal Series, New Jersey Agricultural Ex- 
periment Station, Rutgers, The State University of New 
Jersey, Department of Agricultural Microbiology, New Bruns- 
wick, N. J. 

2. I. Du Pont de Nemours & Co., Inc., Wilmington, Del. 

3 Linde Air Products, New York, N. Y. 
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powdered silicic acid, water glass (a technical grade 
sodium silicate solution), and crystalline sodium silicate, 
Crystalline sodium silicate, which is water-soluble, 
easily handled, and readily stored, is the most conven- 
ient starting material. In the work described herein 
reagent grade meta sodium silicate (Baker & Adamson)! 
was used exclusively as the starting material. 

Resin column. A suitable glass tube was used to 
prepare a column of the cation-exchange resin, Amber- 
lite IR 120. The column was activated by treatment 
with 2 n HCl. After acid 
washed with distilled water until the effluent was free 
tested with AgNO;. Immediately 
after use for the preparation of silica sol, the column 


activation, the resin was 


of chloride when 


was washed with distilled water and reactivated with 
acid. 

Preparation of silica sol. Sodium silicate was dissolved 
in distilled water and the alkaline, viscous, but clear 
solution added to the resin column. After the water 
contained in the column was displaced, the effluent 
(silica sol) was collected at a rate of 5 ml per min. The 
pH of the effluent indicated when it was suitable for 
collection and use. The pH varied inversely with the 
concentration of silicic acid. A stable silica sol was ob- 
tained from a sodium silicate solution containing 1.5 
per cent SiO» by collecting that fraction of the effluent 
that had a pH of 3.4 or less. Collection of silica sol, pre- 
pared from a solution of sodium silicate containing 3.0 
per cent SiOz, was made when the pH of the effluent 
was 3.0 or less. 

Test methods. Among the factors investigated that 
influence the production of silica gel are concentration 
of silicate, pH, temperature, concentration and nature 
of electrolytes, nature of nonelectrolytes, and method 
of sterilization. In determining the influence of any one 
factor, all other factors were held constant. 

Silica sol was prepared from a solution with an SiO: 
content of twice that desired in the final solution. 
Five-ml quantities were added to Petri dishes and to 
this was added an equal amount (5 ml) of distilled water 
containing various ingredients at twice the final con- 
centration desired. The solutions were mixed thoroughly 
by swirling each dish. The pH of the silica sol was ad- 
justed with 1.0 n HCl or NaOH immediately before 

* Baker and Adamson, New York, N. Y. 

5 Rohm and Haas Co., Chicago, III. 





1957 


use. 
quire 
of sy 


Was | 


TI 
for g 
the ¢ 

Sil 
pH ¢ 
room 
were 


at hi 


Cone 


rade 
cate, 
ible, 
ven- 
preln 
son)* 


d to 
aber- 
ment 

Was 
; free 
ately 
lumn 
with 


olved 
clear 
water 
Huent 
. The 
le for 
h the 
as ob- 
ig 15 
Auent 
|, pre- 
ng 3.0 


fluent 


1 that 
ration 
nature 
nethod 
ny one 


in Si0; 
lution. 
and to 
1 water 
al con- 
oughly 
vas ad- 
before 





1957] PREPARATION OF 


yse. The influence of various treatments on the time re- 
quired for the sol to gel was determined and the extent 
of syneresis after 6 days incubation of the gel at 28 C 


was measured. All tests were made in triplicate. 


RESULTS AND DISCUSSION 


The influence of various factors on the time required 
for gelation of silica sol and the extent of syneresis of 
the gel formed is shown in table 1. 

Silica sol having an SiO» content of 1.5 per cent (at 
pH 6.0 and containing M/30 NaCl) gelled in 40 min at 
room temperature. When the concentrations of SiO. 
were lower, the period for gelation was longer, whereas 
at higher concentrations gelation was too rapid for the 
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preparation of laboratory media. The amount of liquid 
synerized was minimum at an SiOz concentration of 1.0 
per cent and increased at higher and lower concentra- 
tions of SiO». A similar effect of SiO. concentration on 
the extent of syneresis was observed by Bonnell (1932). 
Previous investigators (Taylor, 1950; Smith, 1951) 
recommended use of silica sols containing 3.0 per cent 
SiO.. This appears excessive. By employing silica sols 
containing 1.5 per cent SiO. more time was afforded for 
manipulation before gelation, and syneresis was reduced 
greatly. 

Silica sol containing 1.5 per cent SiO. and m/30 
NaCl gelled most rapidly at pH 6.0 to 7.0. This is con- 
sistent with the observation of Smith (1951). When the 


TABLE 1 


The influe nce of VPAarTloUs fac tors on the pre paration of silica gel 


Concentration of SiO 


0.5 18 hr 
1.0 90 min 
1.5 4() min 
20 30 min 
3.0) 20 min 
pH 
$0) 3 days 
5.0 200 min 
6.0 4) min 
7.0 $5 min 
8.0 >5 days 
9.0 >5 days 
Temperature (C 
5 265 min 
HA) 71 min 
28 44 min 
37 30 min 
55 18 min 
Concentration of Naf 
u/10 30 min 
M/20 35 min 
1/30 $2 min 
wu /40 53 min 
Nature of salt 
NaNO 38 min 
NH,NO 34 min 
Mg(NO;)2 25 min 
NaSO, 24 min 
NH;).SO; 23 min 
MgSO, 30 min 
NaCl 35 min 
NH,Cl 30 min 
MgCl, 24 min 
KH.PO,-NasHPO, buffer 34 min 
Sodium acetate 48 min 
Calcium acetate 24 min 
Zine acetate 103 min 
Sodium formate 37 min 
Sodium propionate 48 min 
Sodium lactate 37 min 
Sodium succinate 18 min 


* Measured after 6 days incubation at 28C. 


Time Required for Gelation 


Syneresis* Factors Held Constant 


0.40 pH 6.0, m/30 NaCl salt content, 
temp 28 C 


<0.10 
<0.10 
0.10 
0.20 


— 


5% SiOz, m/30 NaCl salt content, 
temp 28 C 


<0.10 


_ 


5% SiOz, pH 6.0, 1/30 NaCl salt 
0.10 content 

0.10 

0.20 

0.30 


0.20 
0.10 
0.10 
0.10 


— 


5% SiO:, pH 6.0, temp 28 C 


~ 
—, 
—_ 

_ 


5% SiOz, pH 6.0, m/30 salt content, 
<0.10 temp 28 C 
0.35 
0.20 
0.20 


0.25 


0.10 
0.40 
0.20 
0.10 
0.20 
<0.10 
0.10 
0.25 
0.25 
0.30 
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pH was varied above and below the optimum range, 
the gelation time was longer. However, gel formation 
was retarded to a greater extent at pH 8. 0 and 9.0 than 
at pH 4.0 and 5.0. Syneresis appeared to increase with 
increasing pH. The report of Hanks and Weintraub 
(1936) that gels prepared at pH 6.0 to 7.5 ultimately 
show a rise in pH of approximately 1 unit was con- 
firmed in the present study. Unbuffered silica gel pre- 
pared at pH 6.0 showed a slow but consistent increase 
in pH to 6.7 after 28 days incubation. This change in 
pH results from the continued polymerization of silicic 
acid (Hurd, 1938). No drift in pH was observed after 
prolonged incubation of silica gel prepared with M/30 
phosphate buffer at pH 6.0. 

The time required for gel formation varied inversely 
with temperature. Silica sol containing 1.5 per cent 
SiO. and M/30 NaCl at pH 6.0 gelled in 18 min at 55 C 
whereas the same sol required 265 min to gel at 5 C. 
The energy of activation of the reaction responsible for 
polymerization of silica sol was calculated to be 11,856 
cal per mole. This compares favorably with the value 
of 17,000 cal per mole reported by Hurd and Letteron 
(1932) for gels prepared at pH 3.0 to 5.5. There was 
greater syneresis of gels formed at elevated tempera- 
tures. When silica sol was gelled and incubated at ele- 
vated temperatures, syneresis was much greater than 
when the sol was gelled at elevated temperatures but 
incubated at 28 C. 

The concentration of electrolyte (NaCl) influenced 
the time required for silica sol to gel. Gels formed more 
rapidly at higher salt concentrations. Gelation was more 
rapid with a divalent anion (SO,~ ) or cation (Mgt), 
than with a monovalent anion (NO;~ and Cl-) or 


TABLE 2 
The influence of pH on the ability of silica sol to withstand 
heat sterilization 


Heat Treatment 
pH of Silica Time 


Sol (3.0% Fliow- Autoclaved Observations rat 
SiOz) 5 at 1 atmos- gic sa 
ing here ae tion 
steam phere pres- 
. sure 
min min min 
2.0 30 Sol clear 26 
5 Sol clear 30 
15 Sol clear 23 
2.5 30 Sol opalescent 22 
5) Sol opalescent 29 
15 Sol opalescent 19 
3.0 30 Gelled during treat 
ment 
5 Sol opalescent 25 
15 Gelled during treat - 
ment 
3.2 None 30 
+ 


After the pH was adjusted to 6.0 and the silica sol diluted 
1:1 with an M/15 NaCl solution to give a final SiO. and NaCl 
concentration of 1.5% and M/30 respectively. 
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cation (Na*). Because the comparison was made using 
molar rather than normal solutions, this result was not 
unexpected. The influences of ammonium and sodium 
salts were similar. Mg** appeared to increase syneresis, 
Salts of organic acids varied in their effects. At equal 
concentrations, (M/30) zine acetate delayed and eal. 
cium acetate accelerated gel formation as compared to 
sodium acetate. 

A number of organic materials used commonly in the 
preparation of microbiological media but not listed jp 

table | were also tested. Dextrose, lactose, and glycerol 
at a concentration of 0.5 per cent had no influence on 
the time required for silica sol to gel. Peptone, casein 
hydrolyzate, yeast extract, and beef extract contain 
inorganic salts and, iailene. reduced the time neces- 
sary for gelation. 

lor the preparation of microbiological media it js 
necessary to sterilize the silica sol. Sterilization by fil- 
tration was impractical because bacteriological filters 
of both the membrane and sintered glass type became 
clogged rapidly by colloidal material. It was possible 
to sterilize silica sol by passage through a Seitz filter, 
but this resulted in an increase in pH and rate of gel 
formation due to reaction with constituents of the filter 
pad. Preliminary washing of the filter with water or 
acid had no beneficial effect. Since filtration was not a 
practical or desirable procedure for sterilization, studies 
were made to determine the suitability of heat steriliza- 
tion. Taylor (1950) recommended that the silica sol and 
ingredients of the medium be sterilized separately and 
the two solutions mixed by pipetting the necessary 
amounts into sterile Petri dishes. This procedure elim- 
inated difficulties with blow holes, shrinkage, and crack 
formation that result when plates of the complete 
medium are sterilized by autoclaving (Kingsbury and 
Barghoorn, 1954). 

Silica sol that contained 3.0 per cent SiO» and had a 
pH of 3.2 when collected from the column, gelled dur- 
ing autoclaving. Since an increased hydrogen ion con- 
centration was reported to increase the stability of 
silica sol (Smith, 1951), the influence of pH on the effect 
of sterilization temperature was investigated. The re- 
sults listed in table 2 show that silica sol adjusted to pH 
2.0 remained stable when autoclaved for 15 min at | 
atmosphere pressure. However, the treatment resulted 
in a decrease in the time senniaeld for the sol to gel. 
Autoclaving for 5 min had no influence on the nature 
of the gel or the time required for gel formation. Heat 
treatment of silica sols at pH 2.5 and 3.0 resulted in 
opalescent rather than clear preparations and caused 
more rapid gelation. A pH of 2.0 is recommended for 
heat sterilization of silica sol. Before the solution is used, 
the pH is readjusted with sterile NaOH and it is then 


mixed in sterile plates with an equal volume of sterile 
solution containing the medium constituents. The 


total salt. content of the gel is increased by a concet- 
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tration of approximately M/100 as a result of the pH 
adjustment before and after autoclaving. The plates 
are left undisturbed until the gel has formed. 

The extent to which liquid is synerized by silica gel 
may be as much as 10 per cent of the amount of medium 
added to a plate. This is frequently a problem. The re- 
sults presented show that syneresis can be controlled. 
It appears that any treatment that prolongs the time 
of gelation decreases syneresis. The development of 
colonies tends to reduce further the amount of free 
liquid on the surface of a gel. There are specific cases, 
such as the cultivation of nitrifying bacteria, where the 
presence of even a trace of free moisture on the gel sur- 
face may cause spreading of the limited amount of 
growth and prevent formation of discernible colonies. 
In such instances, the medium should be prepared under 
conditions that minimize syneresis and Petri dish lids 
containing absorbent discs employed. 
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SUMMARY 


Silica sols were prepared by ion-exchange methods 
from crystalline sodium silicate. The rate of gelation 
of the sols and the extent of syneresis of the gels were 
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affected by silica content, pH, temperature, concen- 
tration and nature of ions present, and procedure for 
sterilization. The results provide a basis for the develop- 
ment and production of silica gel media to satisy in- 
dividual requirements. 
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for the 
accurate, rapid, and convenient detection and enumer- 
ation of Escherichia coli in potable waters, stream 


Several methods have been suggested 


samples, sewage, and in certain food products. The 
first of these procedures was described by Eijkman who 
proposed a “‘fecal coli” test that he believed differen- 
tiated between coliforms from the gut of warm-blooded 
animals and strains originating from cold-blooded ones. 
The method was based on the assumption that only 
fecal types of coliforms from warm-blooded animals 
could grow in glucose broth at 46 C with the production 
of gas. Twenty-five years later a close relationship 
between the positive Eijkman reaction and indole 
production was observed by Leiter (1929) and he 
suggested that the combination of the two positive 
tests was practically specific for F. colt. 

Many procedures have been proposed which claim to 
have provided a more suitable environment for the 
growth of EF. coli and at the same time to have sup- 
pressed to a large degree the growth of other coliform 
types along with the majority of noncoliform bacteria. 
Most of the procedures have required the addition of 
one or more selectively inhibitory substances to lactose 
broth with some peptone derivative and have used an 
incubation with a tolerance 
between 43 C and 46 C. Such procedures were usually 
recommended as a “direct test”? with the original 
sample inoculated into the selective medium, without 
any preliminary enrichment. Most investigators con- 
that their positive represented 
quantitative data with the multiple tube (MPN) pro- 
cedures. There were differences in opinion concerning 
the productivity of the selective media, the chief 
criticism being the possible failure to secure growth 
when minimal numbers of coliforms were planted, as 
in the MPN method. At the same time, the sensitivity 
of the medium was confused with the specificity of the 
reaction. 


temperature narrow 


sidered tubes 


The specificity of these procedures should be related 
to the positive reactions with one or more IMViC types 
of coliforms and is quite a distinct problem from the 
quantitative recovery rates based on minimal number 
of coliforms. Other considerations which may have 
contributed between 
evaluation 


to differences in observations 


investigators were development and of 
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methods with laboratory strains of coliforms and the 
differences in bacterial flora from one geographical area 
to another. 

This report compares the reactions of the boric acid 
lactose broth test described by Vaughn et al. (1951), 
and Levine et al. (1955) with strains of each coliform 
IMViC type as they appeared in polluted surface 
waters at 14 geographical areas in the United States, 


MATERIALS AND METHODS 


The coliform organisms were isolated from samples 
of untreated surface waters from the Missouri River at 
Omaha, Nebr., and Kansas City, Kan.; Mississippi 
River Minneapolis, Minn., Quincy, Ill, and 
Chalmette, La.; Elm Fork River near Dallas, Tex.; 
Rio Grande at El Paso and Laredo, Tex.; Schuylkill 
tiver at Philadelphia, Pa.; Big Cottonwood Canyon at 
Salt Lake City, Utah; Colorado River 
at LaVerne, Calif.; Detroit River at Wyandotte, 
Mich.; Chattahoochee River at Atlanta, Ga.; and 
Oradell Reservoir at New Milford, N. J. 

The cooperating laboratories at each location fil- 
tered appropriate quantities of surface water through 
membrane filters, placed the filters on preservative 
(benzoated endo) medium (Geldreich et al., 1955) in 1- 
ounce sterile ointment tins, and mailed them to the 

tobert A. Taft Sanitary Engineering Center, Cincinnati, 
Ohio. When received in this laboratory, the tests were 
completed as described .by Geldreich et al. (1955) for 
the delayed incubation test for coliforms. Between 100 
and 200 coliform colonies were isolated in a series from 


at 


aqueduct water 


the membranes at each location and, generally, there 
were three series at regular intervals. The coliforms were 
immediately identified and classified by IMViC types 
according to the procedures described in Standard 
Methods for the Examination of Water, Sewage, and 
Industrial Wastes (A.P.H.A., 1955a). 

Simultaneously the boric acid lactose broth test, as 
devised by Levine et al. (1955), was used as a con- 
firmatory procedure on each coliform strain. Any 
noncoliform bacteria that may have been picked up in 
the isolation procedures were discarded as they failed 
in confirmatory or identification tests. The technical 
methods recommended by the authors of the boric acid 
lactose broth test were followed as exactly as possible. 
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The medium was prepared from boric acid broth 
(Difeo, B439'), sterilized as recommended by Vaughn 
et al. (1951), and the hydrogen ion concentration of 
each sterile lot was determined on a Beckman? pH 
meter, model H-2. The tubes were usually inoculated 
from 24-hr coliform cultures and were immediately 
placed in a constant-temperature water bath with the 
water height above the level of the medium inside the 
tubes. Temperature of the water bath was 43 C with 
less than 0.5 C variation and was regularly checked with 
a Bureau of Standards certified mercury thermometer. 


1 Difco Laboratories, Inc., Detroit, Mich. 
2 Beckman Instruments, Inc., Fullerton, Calif. 


TABLE 1 


Reactions in boric acid lactose broth (BALB) of coliform 
IMViC types 


Percentage Positive BALB Tests Negative BALB Tests 


IMViC Sieaies of Coli 
Type Examined ie No. of Percentage No. of | Percentage 
strains positive strains negative 

—-++ 1414 31.97 284 20.1 1130 79.9 
-+-+ 764 17.28 $] 5.4 723 94.6 
++-—-— 731 16.53 682 93.3 49 6.7 
-+44+ 384 8.68 33 8.6 351 91.4 
4+4+44 332 7.51 9 y a | 323 97.3 
oh eae 2 323 7.30 37 ce 286 88.5 
+-++ 203 4.59 9 4.4 194 95.6 
-+-- 139 3.14 21 15.1 118 84.9 
+++- 74 1.67 60 81.1 14 18.9 
—+4 31 0.70 0 0.0 31 100.0 
--+- 20 0.45 0 0.0 20 100.0 
---—4 8 0.18 6 2 

Total. $423 1182 26.7 3241 73.3 


= Insufficient number of cultures studied, 
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Inverted vials in the boric acid lactose broth were 
examined at 24-hr and 48-hr periods for the presence of 
gas. The presence of gas in any quantity in the inverted 
vial within a 48-hr incubation period was recorded as a 
positive reaction and the absence of gas in the same 
time was considered a negative result. All tubes were 
discarded at the end of incubation for 48-hr. 

RESULTS 

During the period of this study, 4423 strains of 
coliforms were examined by the boric acid lactose 
broth test and classified as to IMViC types. Between 
216 and 450 coliform strains were examined from each 
sample area. Almost one-third were ——++ IMViC 
type, approximately another third were —+—-+ and 
++ —-— types, and the remaining coliform strains 
were distributed among nine IMViC types. Data for 
types studied are summarized in table 1. The assigned 
numbers for the sample areas were arbitrary and were 
not according to any order of listing in this report. 

In percentage of positive reaction in boric acid lactose 
broth (BALB), the ++ —-— type was highest with 
93.3 per cent of the strains tested. Next in descending 
percentage of positive reactions were +++ — type 
with 81 per cent; ——+-+ type with 20 per cent; 
—+-—-— type with 15 per cent; and ++—+ type 
with almost 12 per cent. The BALB positive strains in 
the next seven types varied between 8.6 per cent for 
—+-+-+ type to none for the —-++-— and —-+— 
types. 

A comparison by sample points of the BALB positive 
reactions for ++—-— type with the BALB negative 
reactions for the remaining IMViC types is made in 
table 2. 


TABLE 2 


Positive tests with 


++—-— IMViC Type 
Location 


No. of positive Percentage 


-— type and negative tests with the remaining types (excluding ++ —-— type) by sample locations 


Other IMViC Types (Excluding ++—— Type) 


No. of negative Order* 





No. of strains teats positive tests Order* No. of strains pres Pens Sa 
l 14 4] 93.2 7th 230 210 91.3 4th 
2 28 24 85.7 12th 422 366 86.7 6th 
5 22 19 86.4 llth 275 254 92.4 2nd 
4 81 76 94.8 5th 199 179 90.0 5th 
5 61 59 96.7 4th 194 166 85.6 10th 
6 72 71 98.6 2nd 282 243 86.1 8th 
7 69 65 94.2 6th 147 122 83.0 11th 
8 37 31 83.8 13th 302 287 95.0 Ist 
9 81 75 92.6 9th 326 198 60.7 13th 
10 60 53 88.3 10th 171 147 86.0 9th 
1] 49 49 100.0 Ist 383 310 80.9 12th 
12 55 51 92.7 8th 203 175 86.2 7th 
13 j 2 285 285 100.0 
14 68 66 97.1 3rd 273 250 91.6 3rd 
Total 731 682 93.3 3692 3192 86.5 


— = Insufficient number of cultures studied. 


*“Order’’ represents position of data arranged in a descending series by percentages. 
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Of the total 731 ++—-— type coliform strains 
examined, 682 strains or 93.3 per cent were positive. 
There were variations between 83.8 per cent positive 
reactions at location 8 and 100 per cent at location 11. 
For the remaining 3692 IMViC types of coliforms 
(excluding ++—— type), negative reactions resulted 
with 3192 or 86.5 per cent of the strains examined. 
Variations were also observed between locations in the 
percentage of negative reactions with this group. 
Location 9 was the lowest with 60.7 per cent negative 
tests and location 13 was highest with 100 per cent 
negatives. 

In order to present the data as completely as possible, 
table 3 presents the number of strains examined, with 
the percentage of positive reactions by each IMViC 
type for the individual sample areas. The marked varia- 
tions of type reactions between sample areas are em- 
phasized in this table. For example, the — —+-+ type 
was 48 per cent positive at location 9; 23 to 26 per cent 
positive at locations 4, 6, and 11; and 1 per cent or less 
at locations 7 and 13. The —+—-+ type was positive 
with 22 and 23 per cent of the strains at locations 9 and 
10 but had only 2 per cent positives at locations 1, 2, and 
8, and none at locations 4, 6, 12, and 13. The same 
variation can be observed for each IMViC type with 
the possible exception of the +++ — type. In the 
small number of strains examined for this type (74), the 
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proportion of positive reactions appeared to be about 
the same in each location where they were present. 


DISCUSSION 


The ++-—-— type gave a reasonably good percent. 
age of positive reactions with the BALB test in many 
locations, but the large number of positive reactions 
with such types as -—++, ++-—+, and —+~-- 
strains introduces a considerable classification error jn 
its over-all application. These three latter IM ViC types 
represented 42.4 per cent of the coliform strains jgo- 
lated from polluted surface waters. The +++ — type 
yielded 60 positives or 81 per cent of 74 strains, but as 
a reasonably rare type representing only 1.67 per cent 
of the total coliform strains in these waters, it would 
scarcely introduce sufficient error to change the inter- 
pretation on a series of results. 

Application of the tentative coliform group classifi- 
cation described in Standard Methods for the Examina- 
tion of Water, Sewage, and Industrial Wastes (A.P.H.A. 
1955b) would result in the following data: Assuming E. 
coli to include types ++ —— or —+—-—, the number 
of strains in this study would be 870 with 703 positive 
reactions or 80.8 per cent. Using the same classification, 
the “commonly designated source’ of the remaining 
IMViC types are usually considered nonfecal strains. 
There were 3553 strains in this group which gave 475 


TABLE 3 


Number of strains examined and percentage of positive strains for each IMViC type by individual sample points 


Sample Points Listed Numerically 


IMViC Type 


1 2 3 4 5 6 
——++ =) No. strains 84 129 164 31 113 107 
Percentage 13 16 10 23 17 25 
—+-—+ | No. strains 41 92 35 21 27 38 
Percentage 2 2 6 0 7 0 
++-—-— | No. strains 44 28 22 81 61 72 
Percentage 93 86 86 94 97 99 
—+++ | No. strains 33 30 12 59 2 23 
Percentage 0 7 8 0 ° 9 
++++ | No.strains | 21 32 17 37 9 55 
Percentage 0 4) 6 0 * 2 
++—+ | No. strains 25 76 13 25 21 27 
Percentage 12 3 8 } 9 4 
+—++ | No. strains 19 17 30 13 18 18 
Percentage 5 6 0 15 1] 5 
—+-—-— | No. strains 2 18 2 7 l 9 
Percentage si 5 . ¥s “3 ° 
+++-—-— | No. strains 4 25 None 6 None 3 
| Percentage . 88 ’ ’ 
—++-— | No. strains None ] None! None’ None) None 
Percentage “ 
——+-— | No. strains 1 1 None| None 2 2 
| Percentage | * ‘a x * 
———+ | No. strains None 1 2 | None} 1 | None 
| | * * * 


Percentage 


* Insufficient number of cultures studied. 


Totals 
7 8 9 10 11 12 13 14 
76 10 201 79 146 97 16 131 1414 
1 17 48 14 26 15 0 1] 20.1 
21 117 4() 31 92 34 149 26 764 
5 2 22 23 15 0 0 4 5.3 
69 37 SI 60 49 55 } 6S 731 
94 84 93 88 100 93 ° 97 93.3 
12 37 37 10 17 19 27 36 384 
0 3 24 20 23 16 0 3 8.6 
8 25 14 20 43 17 ] 33 332 
, 0 7 0 0 0 - 0 2.7 
3 37 20 12 21 13 None 20 323 
100 3 30 17 9g Ss 5 11.5 
6 32 2 1] 12 7 9 9 | 23 
+ 3 oa 0 & * * * 4.4 
5 6 8 4 8 5 62 2 139 
. . 7 * + * 0 +. 15 1 
5 2 3 2 7 7 2 8 74 
* * * * * + + * 81 * 
l l l None 1 4 17 5 31 
. . . ° . 0 * 0.0 
None 2 None 2 6 None ] 3 | 20 
* * * * * | 0.0 
None 3 None, None) None, None l None 8 
* * 


* (25.0%) 
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(13.37 per cent) BALB positive reactions. Even using 
this liberal tentative classification of ‘‘usual sources,”’ 
the reaction does not appear sufficiently precise for 
group separation on the basis of common fecal or non- 
fecal types. 

Comparison of locations by positive-reaction per- 
centages for ++-—— type with negative-reaction 
percentages for remaining types, as listed in table 2, 
reveal a peculiar distribution. Locations 14, 4, 12, and 
10 appear in similarly relative positions for positive 
reactions with + -+ — — type and for negaive reactions 
with remaining types when examined by percentages in 
descending order. There is marked disagreement in 
relative positions for the remaining locations, as for 
example, location 11 at the top of the series for +-+ — — 
type and next to lowest for the remaining types, and 
location 6 in second and eighth positions respectively. 
Further disagreement in results by locations is shown 
in table 3. The — — ++ type gave 48 per cent positives 
at location 9; values between 23 and 26 per cent at 
locations 4, 6, and 11; and 1 per cent or less at locations 
7 and 13. IMViC type —+—-+ gave more than 20 
per cent positives at locations 9 and 10 and 2 per cent 
or less at locations 1, 2, 4, 6, 8, 12 and 13. Similar varia- 
tions in percentages of positives by locations were 
evident in all the types investigated except +++ —, 
-++-— and ——+-—. This lack of uniformity in 
data by individual locations suggests differences in the 
coliform flora found in waters and may account for 
some controversial data and interpretations. The possi- 
bility cannot be eliminated that the IMViC system of 
classification does not adequately divide the coliforms 
found in waters into groups consistent with their 
common sources. 

These data will not recommend the BALB procedure 
for accurate and rapid classification of the ++—— 
IMViC type. However, the method appears applicable 
for survey work where an approximate value for the 
++ —-— coliform type would meet the need. In this 
investigation, 4423 coliform strains gave 1182 positive 
BALB reactions or 26.7 per cent when BALB was the 
only test considered. By IMViC classification, 731 
strains of the ++—-— type or 16.53 per cent were 
present. Inclusion of the indole reaction, which has 
been used by Hoather and Dewey (1954), Thomas, 
etal. (1955), and Bicknell, et al. (1954) by direct inocula- 
tion of a suitable medium from positive presumptive 
tubes, would greatly increase accuracy in survey pro- 
cedures. Using a combination of a positive indole test 
with a positive BALB reaction, the total positives by 
this combination (from table 1) would be 797 strains or 
18.0 per cent. Of course, this total will not include the 
49 BALB negative strains of ++-—— type nor elimi- 
nate the 115 positive strains in types ++++4, 
t+—-+, +-4++4, or +++ -. 


In evaluation of these data, all comparisons were 
made from tests on freshly isolated strains with a 
minimum of cultivation on laboratory media to make 
the results applicable for survey work and practical 
water bacteriological investigations. Some of the re- 
actions might change after continued cultivation and 
stabilization on laboratory media in a_ controlled 
environment. 
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SUMMARY 


Coliforms from 14 geographical areas of the United 
States were divided into 12 types by their IMViC 
reactions. The 4423 strains were examined for their 
reaction in boric acid lactose broth (BALB) which was 
incubated at 43 C for 48 hours. There were 682 positive 
cultures (93.3 per cent) in the 731 strains of the 
++ -—-— type and 500 positive cultures (13.5 per cent) 
in the 3692 strains belonging to the remaining eleven 
types. The lack of sensitivity (6.7 per cent negative 
reactions) for the ++—-— type and poor specificity 
(13.5 per cent positive reactions) for the other IMViC 
types do not recommend the BALB as a single specific 
test for the accurate detection of ++—— IMViC 
type. 

However, these data vary within relatively wide 
limits by locations and even the sensitivity and 
specificity may not agree at each location. These 
variations between sample areas may account for the 
controversial data and interpretations for this and other 
methods for the detection of ++-—— IMViIC types. 
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The possibility cannot be eliminated that these varia- 
tions may result from differences in coliform flora for 
which the IMViC system of classification is not ade- 
quate. 

Using the BALB procedure as a single test, 1182 
positive reactions or 26.7 per cent would have been 
considered as ++ —-— type although only 731 strains 
or 16.5 per cent were actually ++-—— by IMViC 
classification. The BALB test alone could be used in 
survey work where an approximate value would be 
sufficient. However, by using both a positive indole 
and positive BALB test as a survey procedure, the 
elapsed time would not be increased and, by elimination 
of 385 false reactions, the positives would be reduced to 
797 strains or 18.0 per cent of the 4423 strains tested. 
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It is now well established that chlortetracycline and 
certain other antibiotics are effective at very low con- 
centrations in the preservation of meat (Deatherage, 
1956, 1957). This is true despite the fact that much of 
the bacterial flora of a given type of meat is very often 
resistant to the antibiotic when examined by the usual 
laboratory methods for testing sensitivity. Previous 
studies carried out in this laboratory (Jay et al., 1956, 
1957), showed that certain strains of Proteus vulgaris 
which were inhibited by chlortetracycline at concen- 
trations as high as 100 ppm were actually inhibited in 
beef by as little as 3 ppm in 24 to 48 hr. 

In an attempt to explain this unusual phenomenon, 
it has already been shown that the inhibition in beef 


1 Published with the approval of the Associate Director, 
The Ohio Agricultural Experiment Station, as Journal Article 
No. 53-57. 

2 Presented in part at the 57th Annual Meeting of the So- 
ciety of American Bacteriologists, Detroit, Mich., 1957. 


by the sub-bacteriostatic concentration of chlortetra- 


+4 


cycline could be reversed by adding Mn** ions to the 
meat (Jay et al., 1956). Earlier workers (Saz and Slie, 
1953; Weinberg, 1954) had shown that Mn** 


to counteract the effectiveness of chlortetracycline. 0! 


was abl 


this basis, the hypothesis was advanced that. this 
phenomenon was a nutritional one in which the chlor 
tetracycline competed with the organisms for essential 
ions. 

This report deals with other substances that wer 
tested for their ability to reverse this chlortetracyelin 
inhibition of resistant Proteus in beef. 


EXPERIMENTAL METHODS 


Twenty gram samples of freshly slaughtered bee! 
either top or bottom round, were taken by an asepti 


searing technique previously described (Lepovetsky} 


et al., 1953; Jay et al., 1956) and placed into steril 


100-ml beakers. The removal and transfer of the bee! 
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samples were carried out in a transfer cabinet. The 
antibiotic and inoculum were administered by needle 
and syringe. The test substances were added in a like 
manner. All beef samples were incubated at 28 to 29 C. 
Plate counts were made by blending an entire 20 g 
sample in a Waring blendor with 180 ml of buffered 
distilled water and making serial dilutions in buffered 
water from 10* to 10’. The number of organisms inocu- 
lated was also determined by viable count. Heart 
infusion agar (Difco) was used throughout as plating 
medium. 

It was desirable to use beef as substrate as much as 
possible in this study. However, in the course of an 
attempt to compound a medium that would simulate 
beef with respect to the effectiveness of low concen- 
trations of chlortetracycline against chlortetracycline- 
resistant strains, 0.5 per cent proteose-peptone broth 
(Difeo) was found to serve in this manner. Five ppm 
chlortetracycline inhibited chlortetracycline-resistant 
Proteus in 0.5 per cent proteose-peptone longer than in 
broth made with peptone, neopeptone, tryptose, or 
tryptone (all Difco). Hence this medium was used at 
pH 5.6 and pH 6.8 in both broth and agar forms and 
was incubated at 28 to 29 C. 

The cultures used in this study were originally ob- 
tained from the deep tissues of spoiled beef and were 
classified according to Bergey’s Manual of Determina- 
tive Bacteriology (Breed et al., 1948). The minimal in- 
hibitory concentration of chlortetracycline was deter- 
mined as follows: Doubling dilutions of the antibiotic 
chlortetracycline hydrochloride were made in tryptose 
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Figure 1. The pattern of growth in treated and untreated 
beef of a strain of Proteus vulgaris having a minimal inhibi- 
tory-concentration of chlortetracycline (CTC) of 50 ppm in 


vitro. 
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phosphate broth (Difco) and 1 ml transferred to sterile 
tubes. An 18-hr tryptose phosphate broth culture of the 
organism was diluted 1:100 in the same broth and 0.05 
ml was added to each of the tubes. These tubes were 
then incubated at 37 C and read at 18 and 24 hr. The 
minimal inhibitory concentration is defined as the 
lowest concentration of antibiotic that completely in- 
hibits the growth of the organism in 18 hr as determined 
by visual observation. 


RESULTS 


The pattern of growth in treated and untreated beef 
of a strain of P. vulgaris having a minimal inhibitory 
concentration of 50 ppm in vitro is shown in figure 1. 
The control curve is that of the organism in untreated 
beef. The experimental curve shows how only 5 ppm 
chlortetracycline affect the growth of this organism; 
50 ppm are required to inhibit it in tryptose phosphate 
broth. Five ppm chlortetracycline had no effect on the 
growth of this organism in the nutrient medium. 

The pattern of growth in treated and untreated beef 
of a strain of Pseudomonas aeruginosa strain OSU 249 
having a minimal inhibitory concentration of 50 ppm 
in vitro is shown in figure 2. It can be seen that this 
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Figure 2. The pattern of growth in treated and untreated 
beef of Pseudomonas aeruginosa (OSU no. 249) having a mini- 
mal inhibitory concentration of chlortetracycline (CTC) of 50 
ppm in vitro. 
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organism was much more sensitive to the low concen- 
tration of the antibiotic in beef than P. vulgaris. 

Working on the previously stated hypothesis that 
this phenomenon is probably a nutritional one, over 50 
compounds were tested for their ability to reverse the 
inhibition described above. 

Table 1 shows the substances that were effective in 
reversing the chlortetracycline inhibition in 0.5 per 
cent proteose-peptone broth. Tungstate supplied as the 
sodium salt was the most effective followed by sodium 
molybdate > Mg**+ > Ca** > borate > silicate > 
Sr++ > Batt. The molar ratios of ion to chlortetra- 
cycline (determined on duplicate samples) in proteose- 
peptone broth ranged from 8:1 for WO;= to 1660:1 
for Ba**. The molar ratios to reverse growth inhibition 


TABLE 1 


Ions that will reverse the chlortetracycline inhibition of 
Proteus vulgaris in 0.5 per cent proteose-peptone broth 


ine Lowest Effective Concentration | Molar Ratio Ion to 
for 24 Hr Chlortetracycline 
ug/ml 
Tungstate 25 Na2WO; 8:1 
Molybdate 37.5 NaoMoO, 16:1 
Mg** 75 MgCl. 38:1 
Catt 150 CaCl. 137:1 
Borate 600 Na2B,O; 161:1 
Silicate 400 NaSiO; 333: 1 
Sct 2000 =SrCl. 766: 1 
Ba** 4000» =BaCl. 1660: 1 
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Figure 3. The reversal of the chlortetracycline inhibition 
of a strain of Proteus vulgaris by sodium molybdate in beef. 
This organism had a minimal inhibitory concentration for 
chlortetracycline (CTC) of 50 ppm in tryptose phosphate 
broth. 


[VOL. 5 


in beef were higher than in broth, usually about 29 
times higher (as indicated in the descriptions of the 
reversal curves). From table 1 it can also be seen that 
the lighter metals of Group II of the periodic chart 
were more effective than the heavier ones. This is the 
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Figure 4. The reversal of the chlortetracycline inhibition of 
a strain of Proteus vulgaris by magnesium in beef. This or- 
ganism had a minimal inhibitory concentration for chlortetra- 
cyeline (CTC) of 50 ppm in tryptose phosphate broth. 
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Figure 5. The reversal of the chlortetracycline inhibition of 
a strain of Proteus vulgaris by calcium in beef. This organism 





had a minimal inhibitory concentration for chlortetracycline 
(CTC) of 50 ppm in tryptose phosphate broth. 
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same order in which these elements form complexes 
with many complexing agents (Martell and Calvin, 
1952). 

Other effective compounds not shown included cal- 
cium lactate, phosphotungstic acid, phosphomolybdic 
acid, and silicotungstic acid. The molar ratios were no 
lower With these compounds than with the simple salts. 

The following list of ions and compounds were in- 
effective in reversing the chlortetracycline inhibition: 
Get, Fett, Fet**, Cutt, Ni**, Zn**, Cr***, NH, 
chromate, glutamic acid, glutamine, aspartic acid, 
lysine, leucine, phenylalanine, tryptophan, proline, 
serine, thiamin HCl, 


methionine, alanine, glycine, 


PRESERVATION OF BEEF 403 


pryidoxine, niacin, uracil, thymine, guanine, glucose, 
acetate, succinate, citrate, malate, aconitic acid, d- 
ribose, and nucleic acid. 

Growth curves showing the reversal of the chlortetra- 
cycline inhibition of P. vulgaris in beef by MoO are 
shown in figure 3. The molar ratio of MoO; to chlor- 
tetracycline is 314:1. Figure 4 shows the reversal of the 
inhibition in beef by Mg**. The molar ratio of Mgt* 
to chlortetracycline is 2260:1. Figure 5 shows the re- 
versal of the inhibition by Ca**. The molar ratio is 
2740:1. 

To demonstrate the reversal of inhibition on agar, 
| per cent agar was added to 0.5 per cent proteose- 


Figure 6. The reversal of the chlortetracycline inhibition of a strain of Proteus vulgaris on 0.5 per cent proteose-peptone agar by 


sodium molybdate, sodium tungstate, magnesium, and calcium. The center dise was dipped in distilled water. This organism had a 
minimal inhibitory concentration for chlortetracycline of 50 ppm in tryptose phosphate broth. 
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peptone broth and seeded with | ml of a 1: 1000 dilution 
of an 18-hr culture of ?. vulgaris (minimal inhibitory 
concentration = 50 ppm). Chlortetracycline was added 
at the rate of 7.5 ppm and approximately 50 ml of the 
mixture were poured into 14 em Petri dishes. The test 
substances were added to sterile pads and allowed to 
dry. The pads were then placed onto the surface of the 
hardened agar. Figure 6 shows the reversal of chlor 
tetracycline inhibition on agar by Catt, Mgtt, MoO, 
and WQ,>. The reversal by sodium silicate is shown in 


’ 


figure 7. The clear zone immediately surrounding the 
dise is due to the toxicity of this ion at high concentra- 
tions. At lower concentrations the ion reverses. the 


Figure 7. The reversal of the chlortetracycline-inhibition on 0.5 per cent proteose-peptone agar by sodium silicate. The phosphate 
was partially effective in reversing the inhibition at the concentration employed, while acetate (Ac) and lysine (Ly) were totally 
ineffective. The center disc was dipped in distilled water. 


VoL, 5 


chlortetracycline inhibition. Phosphate can be seen to 
have exerted only a partial reversal while lysine and 
acetate were totally ineffective. 


DISCUSSION 


This study was devoted largely to the finding of 
substances that are capable of counteracting or ye. 
versing the effectiveness of chlortetracycline against 
resistant Proteus in beef. It is still not definite as to 
why low concentrations of chlortetracycline are more 
effective in beef than in nutrient media. These findings 
would appear to support the earlier hypothesis that 
this effect is probably a nutritional one in which the 
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antibiotic competes with the organisms for essential 
ions. This is not inconceivable in view of work carried 
out by Albert (1953), Weinberg (1957), and others. 
The excellent review by Weinberg contains many ex- 
amples of the reversal of tetracycline inhibition of 
tetracycline-sensitive organisms, usually on agar. An 
hypothesis of a similar nature was advanced by many 
of the authors cited in this review. 

For the most part, the reversal of tetracycline in- 
hibition has been done using cations. The hypotheses 
have been advanced largely on this basis. However, 
one-half of the reversing substances used in this study 
were anions. It is not clear as to why they would be 
effective as reversing agents. Assays on antibiotic- 
treated samples to which were added various ions 
showed that the antibiotic was not being destroyed by 
WO;", MoOg, Mgt*, Cat*, Srt*, or Bat*. The silicate 
and borate samples did show a slightly lower concentra- 
tion than the controls, but this was not low enough to 
account for the reversal. A determination of the effect 
of these ions upon pH in 0.5 per cent proteose-peptone 
broth showed that it was raised only by silicate and 
borate at’ the lowest effective concentrations. The 
slightly lower concentration of antibiotic in the silicate 
and borate treated samples was apparently due to this 
slight increase in pH. The fact that these ions will not 
reverse the chlortetracycline inhibition of all organisms 
is further proof that the antibiotic is not being de- 
troyed. 

It might be possible that the anions are serving either 
a direct or indirect: metabolic function. It was noted 
that all of the effective ions, both anions and cations, 
exerted a stimulatory effect in control samples at. re- 
versing concentrations. A search of the literature has 
not revealed any studies in which WO, silicate, and 
borate were found to serve a metabolic role in bacterial 
nutrition. 

The fact that the molar ratios of ion to antibiotic 
are as high as they are might suggest that more than 
one ion is involved. Combinations of ions have not been 
tried in this connection as yet. On the other hand, one 
might expect the molar ratios to be high due to the 
fact that'a portion of the ions are no doubt complexing 
with proteins, amino acids, and other substances. These 
substances are known to possess this property. The 
fact that higher concentrations of the ions were required 
for reversal in beef than in the broth might be an ex- 
pression of this fact. 

Any further discussion as to why the effectiveness 
of chlortetracycline in beef can be counteracted by 
certain anions and cations would only be speculative. 
This much, however, is certain. The antibiotic is more 
effective in beef than in the usual laboratory culture 
media, and both cationic and anionic substances are 
capable of reversing this effectiveness. Further work 
along these lines is continuing. 
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SUMMARY 


Both organic and inorganic compounds were tested 
for their ability to reverse the chlortetracycline-inhibi- 
tion of chlortetracycline-resistant Proteus in beef. None 
of the organic compounds which included B-vitamins, 
amino acids, purine and pyrimidine bases, and Krebs’ 
cycle intermediates were effective. The following inor- 
ganic compounds were effective and are listed in the 
order of their effectiveness: tungstate, molybdate, 
magnesium, calcium, borate, silicate, strontium, and 
barium. The molar ratios of ion to antibiotic ranged 
from 8:1 for WO; to 1660:1 for Bat+ as determined 
in 0.5 per cent proteose-peptone broth. The molar 
ratios were much higher in beef. These findings appear 
to have supported an earlier hypothesis that the ef- 
fectiveness of chlortetracycline against chlortetra- 
cycline-resistant Proteus in beef is due to its ability to 
compete with the organisms for essential ions. 
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Apparatus and methods for the rearing of germfree 
vertebrates have been reviewed by Gustafsson (1948). 
With the exception of rubber gloves, the closed system 
isolators containing the sterile environment have been 
constructed of rigid materials. Isolators available com- 
mercially for use with hazardous agents are of the same 
construction. 

Flexible film isolators have been described by G. B. 
Phillips et al. (1955) for use with pathogens and by 
Webb and Softky (1953) for the handling of deliques- 
cent materials. Undoubtedly, similar apparatus have 
been made by many others but apparently the general 
utility of plastic films has not been recognized. Flexible 
plastic films are inexpensive and made readily into 
bacteria-tight structures. Their flexibility permits the 
transmission of limited movement through any portion 
of the wall without disturbing the contamination bar- 
rier. They can be sterilized either with a liquid germi- 
cide applied as a spray or gaseous germicides (Green- 
span et al., 1955). 

lexible films have been used to construct bacteria- 
tight protective garments. A steam sterilized tank 8 
ft in diameter and 15 ft long, serviced by an attendant 
in such a garment has been described by Reyniers 
(1956) for the rearing of germfree animals. This opera- 
tion depends upon a rapid and effective method for 
the cold sterilization of plastic or rubber surfaces. 
Peracetic acid’ appears to be satisfactory for this 
purpose and can be used with an entire room lined 
with a plastic coating as well as small isolators (Green- 
span et al., 1955; Trexler, 1956). 

The investigations herein reported describe methods 
for sterile manipulations without the large investment 
previously required (Reyniers, 1946). These studies are 
concerned with animals in the germfree or gnotobiotic 
state, that is, isolated, or in association with known 
organisms (Dougherty, 1953). While the apparatus 
described has not been in use long enough to provide a 


! Presented at the Spring Meeting of the Maryland Branch 
of the Society of American Bacteriologists, Fort Detrick, 
Frederick, Md., April 6, 1957. 

* Support by contract NR 131-067 from the Office of Naval 
Research, Department of the Navy, and Research Grant 
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3 Becco Chemical Division, Food Machinery and Chemical 
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long term comparison with steam sterilized rigid-walled 
isolators, the results to date warrant reporting because 
plastic isolators may soon be on the market. Germfree 
chickens (Reyniers et al., 1949) guinea pigs (B. P. 
Phillips et al., 1955) and monkeys (Reyniers et al,, 
1946) have been obtained germfree without much 
difficulty. Germfree rats and mice can be shipped from 
colonies established at Lobund. 


MATERIALS AND METHODS 


Sterilization. Some flexible films and sheets may be 
sterilized by steam under pressure or dry heat (Mylar, 
Kel-I°®). However, the most useful materials, vinyl and 
polyethylene, may be damaged by heat. sterilization 
temperatures. Peracetic acid in a 2 per cent aqueous 
solution with the addition of 0.1 per cent sodium alkyl- 
arylsulfonate inactivates resistant spores dried on an 
etched glass bead carrier within 30 sec in the liquid 
phase and within 10 min in the gas phase (Greenspan 
et al., 1955). This solution, dispersed by a glass or 
stainless steel atomizer, has been used to sterilize both 
the isolator and protective garment. A sterilization time 
of 10 min was used and the residue removed by flushing 
with sterile air. 

Peracetic acid has several limitations. It is very cor- 
rosive and many substances such as heavy metals 
catalyze decomposition. Plastics, stainless steel, and 
glass are the construction materials of choice. Animal 
cages made of stainless steel wire mesh were difficult 
to sterilize with a peracetic acid spray, apparently due 
to an accumulation of dirt in the sheet metal binding 
strips. They were treated satisfactorily when wrapped 
in paper and oven sterilized before spraying with the 
germicide. 

Isolators. The plastic isolator shown in figure 1 is 4 
versatile design because it can be operated with positive 
or negative pressure. The dimensions can be altered 
sasily and either one or two operators accomodated. 
Transparent vinyl film (12 to 20 mils thick) was used 
because it is very flexible and is sealed with heat or 
solvent cements. The familiar plastic Scotch tapes can 
be used for patching or sealing openings. Wrist-length 

* American Sterilizer Co., Erie, Pa. 

5 ©. I. du Pont de Nemours and Co., Inc., Wilmington, Del 

® The Visking Corp., Terre Haute, Ind. 
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rubber gloves are attached to sleeves by the aluminum film’; however, it can be used only with positive pres- 

ring clamp’ shown in figure 3A. The sleeves are made sure. All corners are rounded to reduce the build-up 

of the same material as the walls. This isolator has of stress and tearing of the plastic. Shoulder length 

heen used for the work reported herein. rubber gloves are attached to the plastic walls by means 
The isolator shown in figure 2 is also made of vinyl of a clamp (figure 3B) so arranged that only rubber and 
7Reyniers and Son, Chicago, II. 8 Snyder Mfg. Co., New Philadelphia, Ohio. 





Figure 1. (left) Plastic isolator. Air inlet filter and sterile lock is located on the left end of the isolator. 
Fiqure 2. (right) Plastie isolator. Air inlet filter and sterile lock entry door on the right end of the isolator. 
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Figure 3. Glove attachment clamps. A. Wrist attachment clamp. The spun aluminum ring a, is slipped into the cuff of surgical 
glove b, which is then inserted in the cuff of inverted sleeve c. ‘‘O”’ ring d, is snapped around the sleeve and is held in place by 
no. 850 Scotch tape e 

B. Shoulder attachment clamp. The inner cast aluminum ring a, is placed within a 30 in. dry box glove* with the roll resting in 
the annular groove. The glove and inner ring are placed within the isolator and the matching outer ring attached so as to bind the 
plastic film wall ¢, of the isolator. 


* Charleston Rubber Co., Charleston, 8. C. 
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plastic are exposed to the interior of the isolator. Mylar 
or Kel-F may be used in place of vinyl film to permit 
steam sterilization. 

Sterile locks. The small (9 in. diameter and 12 in. 
length) jacketed double-door autoclave used with the 
Reyniers Germfree System’ was attached to the plastic 
film wall by means of an 18 in. O.D. stainless steel 
flange to limit heat transfer to the plastic. Materials 
were steam sterilized directly into the isolator or re- 
moved from the isolator without breaking the sterile 
barrier. The weight and cost of the autoclave detracts 
from the inherent advantages of the flexible film so 
this combination has limited usefulness. The flange 
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Figure 4. Heat sealable bag transfer system. Diagram A 
shows the introduction of an object a. The object is placed in 
bag b, which is then attached to collar c, fastened to the wall d, 
of the isolator. The germicide is introduced and removed 
through openings e. After sterilization the inner bag stub is 
cut as indicated. For removal of an object (diagram B) bag b, 
is attached and sterilized through e. The inner bag stub is cut 
as above, the object introduced, the neck of the bag pinched off 
as indicated by the dotted lines, heat sealed, and cut at the 
seal as shown. 
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Interior Isolator 

Figure 5. Germicidal spray sterile lock. A plastic bag or 
isolator (not shown) is attached to collar a. A rubber sleeve b, 
with roll is attached to collar a, and to a cast aluminum clamp 
ring similar to figure 3B. The inner surface of the clamp ring is 
padded with hemispherical sponge rubber weather strip c. 
The rigid plastic daor d, is attached by means of a flexible 
connector f, to hinged crossbar e. The hinge and closing mem- 
ber are attached to the clamp ring and are sealed to the wall of 
the isolator by sleeves h. The door is opened and closed from 
the inside of the isolator, but the sealing force is obtained from 
outside the isolator by means of the knurled nut g. 
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and attached inner door of the autoclave permits the 
attachment of the plastic isolator to the Reyniers units, 

A heat sealable bag method for transfer of materials 
is shown in figure 4. A rigid cylindrical sleeve attached 
to the wall of the isolator serves as an entrance port, 
The port is closed by a polyethylene bag slipped over 
the external opening and fastened with a ring or ad- 
hesive tape against a taper. An object to be introduced 
is placed in a second bag which is slipped over the first 
and sealed by the ring or tape. Some practice is neces. 
sary to produce the second seal without disturbing 
the first. The first bag is cut from the inside and the 
object introduced. An object to be removed is placed 
in the distal end of the second bag which is then closed 
by an externally applied heat-seal. A seal 1¢ to 4 in, 
wide is used and cut so the object can be removed 
without breaking the isolation barrier. The object it- 
self remains sealed in the protective bag. This method 
is particularly effective to confine a hazardous agent. 
lor sterile operation, connections must be sealed to the 
bag in order to admit and remove the germicide. 

A sectional view of a sterile lock for use with a germi- 
cidal spray or gas is shown in figure 5. The lock may be 
in the form of a bag with inlet and outlet tubes for 
admitting and removing the germicide or in the form 
of another isolator with attached gloves to manipulate 
the objects passed. The door connecting the sterile 
lock to the isolator is open and closed from within the 
unit but the force necessary to obtain a tight seal is 
applied externally. Sterile transfer from 1 unit to an- 
other is accomplished by connecting the sterile locks 
of 2 units by means of a plastic sleeve or collar having 
two openings for admitting and removing germicides. 

Objects that are damaged by germicide must be 
protected in the above sterile lock. Towels, dry feed, 
and similar materials are sealed in a plastic bag (figure 
6) equipped with a vent, plugged with cotton, and 
sterilized in the autoclave. These bags made either of 
Mylar, Marlex,’ or Scotchpac” film are sealed by means 
of a Vertrod Impulse Sealer." The material thus pack- 
aged is steam sterilized. After cooling the vent is sealed 
below the cotton plug and a hermetic package with a 
smooth exterior is produced by cutting through the 
seal lengthwise to remove the cotton plug. 

The sterilization of the packages was checked by 
means of filter paper strips containing resistant Bacil- 
lus stearothermophilus spores placed in the center of the 
contents. A vacuum must be pulled to remove the ait 
before steam is admitted. Sterilization was obtained 
repeatedly using a vacuum of 25 in. of mercury followed 
by 15 lb steam pressure and a holding time depending 
upon the load. 

® Phillips Chemica! Co., Bartlesville, Okla. 


10 Minnesota Mining and Mfg. Co., St. Paul, Minn. 
1! Vertrod Corp., Brooklyn, N. Y. 
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Ventilation. When contaminants are confined within 
an isolator, a negative pressure is maintained and when 
excluded, a positive pressure is used to reduce their 
migration through a leak in the wall. Ordinarily, pres- 
sures of 19 in. of water or less are effective in an isolator. 
Animals require a flow of air not only for respiration 
but to prevent high humidities. 

Glass wool filters have been found to be most con- 
venient for sterilizing air supplied to the germfree 
animals (Reyniers and Trexler, 1943). The filters which 
are permanently attached to the Reyniers type unit 
were made by packing fine glass wool in copper or 
stainless tubing 13g in. O.D. A 4% in. tube connected 
toa steam line passes through the center of the tube 
lengthwise in order to supply the necessary heat to 
dry the glass wool after steam sterilization. These 
filters in the form used at the Lobund Institute require 
about 5 lb air pressure to pass 2 to 3 efm air. 

A more compact and lighter filter is shown in figure 
7. It consists of a cylinder of 14 in. mesh 18 gauge sta:n- 
less steel screen 2 in. diameter and 12 in. long, sup- 
ported at both ends by a 2 in. length of stainless steel 
tubing to which the wire is welded. One end is plugged 
and the other bears an adapter for Tygon tubing to 
connect with the isolator. The screen is covered with 
four layers of glass wool filter mat Type PI-105' and 
secured in place by wire. The filter may be wrapped in 
paper and sterilized in the autoclave or it may be at- 
tached to the isolator and sterilized in place with a 
gaseous germicide. A plastic or metal shroud carrying 
a hose adaptor is placed around the filter. Air under 4 
in. water pressure has been found adequate to pass 2 


 Owens-Corning Fiberglas Corp., Toledo, Ohio. 








Figure 6. Plastie package for steam sterilization. The pack 
age as removed from the steam sterilizer is shown on the left 
and with the cotton plug and vent removed, on the right. 


to 3 cfm air through the isolator. Pressure within the 
isolator can be maintained at 14 in. water pressure or 
less by means of a “surgical glove outlet trap.’’ One or 
two fingers of the glove are removed and a 1 in. Tygon 
outlet tube is inserted through the finger opening to the 
palm. The cuff floats freely on the surface of the germi- 
cide and offers little resistance to the outward move- 
ment of the air. If the flow stops, or a negative pressure 
is created in the isolator by the movements of the 
operator, the cuff sinks, effectively checking any back- 
flow. We have had no contamination traceable to this 
device. 

Leak deteciion. Leaks can be detected by swabbing 
the suspect area with a soap or detergent solution 
while the vessel is under air pressure. The air pressure 
must overcome the capillary force of the solution in the 
leak in order to form a bubble. The pressure that can 
be used in the plastic isolators and protective garments 
is not great enough to detect small leaks. 

The Freon Leak Detector Type H-1'* is much more 
sensitive than the bubble test and is used to check the 
plastic isolators. Freon is available in containers of 
different sizes at any store carrying refrigeration sup- 
plies. 

Preliminary tests have indicated that plastic isolators 
can be subject to an electrical leakage test similar to 
that used for lineman’s gloves. Essentially, the in- 
tegrity of the isolator is determined by the application 
of a potential across the plastic and rubber walls using 
an electrolyte solution as the conductor. The leakage 
may be determined with a microammeter or the po- 
tential at which a destructive are is formed. Either 
method gives a rapid complete check for tightness. 
This test can be used only with isolators made of non- 
conductors. 

Protective garment. The protective garment used is 


13 General Electric, Schenectady, N. Y. 





Figure 7. Air filter. A plastic shroud is shown at the top of 
the photograph with the stainless steel frame in the center, 
and the completely assembled unit at the bottom. 
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made in two parts. It is heat sealed at the waist to 
present a continuous surface to the germicide (Trexler, 
1955, 1957). The lower portion made of 20 mil vinyl 
film is attached to a rigid metal waist band. Vinyl 
boots, slush molded in our laboratory are heat sealed 
to the legs. The metal waist band carries shoulder 
straps, air hose, communication lines, and is covered 
with a layer of asbestos to restrict the transfer of heat 
during the sealing process. The upper portion of the 
suit is made of transparent vinyl film. 

Gloves are made by dipping a porcelain form in 
plastisol followed by baking. They are sealed to the 
arms of the jacket. Air is supplied to the headpiece 
through a !4 in. rubber air hose. This hose together 
with wires for a lip microphone and ear set are carried 
in a 1-!4 in. industrial vacuum hose which in turn passes 
through a Tygon hose that is sealed to the trousers 
During operation, a negative pressure is maintained in 
the suit by means of a domestic vacuum cleaner at- 
tached to the vacuum hose. 


RESULTS 


Sterilization of vinyl surfaces by peracetic acid 
sprays has been demonstrated by 227 successful entries 
of an attendant into the large sterile tank (table 1). Only 
one contamination occurred that was traceable to the 
protective garment. This was caused by a pinhole in 
the armpit that escaped detection before entry or 
developed while the garment was in use. No contami- 
nant found to date has been resistant to the germicide. 

A plastic film isolator provided with a stainless steel 
door and flange and attached to the steam sterilized 
Reyniers Germfree System was used for 15 separate 
experiments without contamination. Animals 
passed into the plastic isolator for examination and 
surgical procedures such as the canulation of blood 
vessels. The optical disturbance created by the flexible 
film has not caused difficulties so far. 

On two occasions, a litter of guinea pigs was reared 


were 


TABLE 1 
Operation of the sterile tank, serviced by an attendant in a 
sterile protective garment* 


Date Entries lst a seal Source of Contamination 
3/5/51 13 57 None 
25/10/51 30 227 End tank 
4/6/52 9 26 End tank 
17/9/52 24 105 Attendant error 
2/1/53 8 47 None 
19/12/53 55 221 23 Rearing unit 
31/12/54 4 ~ 20 End tank 
9/2/55 5 8 Rearing unit 
1/4/55 56 251 223 Air compressor 
8/2/56 11 60 21 Corrosion entry door 
22/5/56 12 56 19 Protective garment 


* Data obtained with the assistance of B. A. Teah. 
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for 3 months in isolators sterilized with peracetic acid. 
The procedures were similar to those of B. P. Phillips 
et al. (1955) as used with the steam sterilized rigid-wal] 
units. The young were obtained by a caesarian opera- 
tion performed in a small plastic isolator attached to 
the unit shown in figure 1. No contamination was 
found. The units were operated by professional per- 
sonnel with considerable experience in this field. 

The same isolators (figure 1) were used to hatch and 
rear chicks using the method described by Reyniers ¢ 
al. (1949) for steam sterilized rigid wall apparatus. The 
isolators were operated by a nonprofessional crew with 
no previous experience in sterile technique. Only 2 of 
18 runs remained sterile. The apparatus and procedure 
was checked periodically to determine the source of the 
contaminants. Plastic sleeves to which the gloves were 
fastened and the bags used in packaging diet frequently 
developed leaks. Invariably leakage at the inner door 
of the sterile lock was found with the sensitive Freon 
Leak Detector. 

The isolator shown in figure 2 was designed to elimi- 
nate the above leakage and simplify the procedures to 
reduce the training and experience needed for successful 
operation. The units built so far have been Freon- 
tight. They have not been in use for a sufficient length 
of time to determine their performance. 


DIscUSSION 
The data presented shows that flexible plastic films 
can sterile suitable for the 
rearing and study of germfree animals or gnotobiotes. 
Plastic isolators have two advantages over the stainless 


contain a environment 


steel equipment now in use. First of all, many delicate 
manipulations such as the canulation of blood vessels 
in experimental animals can be performed in_ the 
flexible film apparatus. Secondly, potential manufae- 
turers! estimate the cost of the plastic isolator to be 
less than one-tenth that of the stainless steel units. The 
cost of installation and operation is reduced because 
no special facilities or personnel are required. The first 
feature suggests a more extensive use of the germfree 
animal and the second should encourage the investiga- 
tion of germfree animals in other laboratories. 

The relative security provided by flexible and rigid- 
walled isolators can only be determined by a compati- 
son of the operation of a series of finished units. The 
results apply only to the models under test and may 
require a considerable length of time if the contamina- 
tion rate is low. For this reason, the factors involved in 
contamination control with gnotobiotes should be 
considered to provide an additional estimate of the 
potential value of the two systems. 


Sterility itself cannot be demonstrated experimen: | 


tally but only the absence of certain organisms as 
determined by accepted procedures. The same limita- 
tion applies to the concept of gnotobiota. While the 
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sterilization of inanimate objects may be monitored by 
a resistant organism (Bryce, 1956), this procedure can- 
not be applied to a living form. The determination of 
the absence of contaminants, in vertebrates at least, is 
complicated by new environments produced by the 
absence of microbiota and some defense mechanisms 
(Wagner, 1955). While it may be possible to examine a 
gnotobiote for the presence of all known organisms, the 
new environment may produce adaptations or modifi- 
cations which obscure the interpretation of such exami- 
nations. The acquisition of new knowledge requires 
that these examinations be a continuing process rather 
than a static set of tests. 

The gnotobiotic state of an organism cannot be 
determined in the absolute sense, but it can be deter- 
mined within the limitations of existing knowledge 
provided two conditions are met. First, following isola- 
tion, the gnotobiotes must be maintained so as to ex- 
clude the entrance of contaminants. Second, the gnoto- 
biote must reproduce to supply specimens for a series 
of examinations. There are considerable practical 
limitations to these examinations particularly if they 
are confined to one laboratory. With the development 
of transportation facilities these examinations need not 
be confined to one laboratory but can be made by those 
who have specialized in the different groups of organ- 
isms or have discovered new testing procedures. The 
results of such examinations can accumulate to form a 
“pedigree” and in this way become available to users 
of these strains. 

The contamination of an isolator involves not only 
the loss of its contents but shows a defect in the sterile 
barrier. Gnotobiotes subjected to a defective sterile 
barrier must be reexamined completely and the “‘pedi- 
gree” mentioned above started anew. As any operation 
is subjected to accidents, physical or other means must 
be used to detect breaks in the sterile barrier whether 
structural or operational and those defective units 
removed from the series. It is important to subject all 
isolators to the same testing procedures to avoid the 
selection of inapparent contaminants. These procedures 
complicate the operation and are probably not war- 
ranted except for long term investigations. 

Three grades of gnotobiotes can be obtained with 
useful combinations of sterile barrier checks and the 
diligence used to search for contaminants. Because the 
categories formed are of practical importance the 
following terms have been used: 

Alpha gnotobiotes are gnotobiotes reared through 
generations in a sterile environment and subject to 
examination for the presence of all living forms that 
are suspect as contaminants. The integrity of the sterile 
barriers is checked by regular physical and other tests. 
Routine examinations for the common contaminants 
serve primarily to indicate the performance of the 
process (Davies and Fishburn, 1948). The successful 
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avoidance of contamination 
operation. 

Beta gnotobiotes are gnotobiotes that are likewise 
maintained with alpha operation of the environment. 
Because the animals do not reproduce, hence differ 
from the alpha grade, their gnotobiotic status is deter- 
mined by a statistically significant examination of 
similar organisms. 

Gamma gnotobiotes are gnotobiotes maintained under 
circumstances in which accidental contamination may 
occur. The gnotobiotic status is based primarily upon 
the results of an examination of the individual animal 
or the population of an isolator. The hazard of an ac- 
cumulation of inapparent contaminations must be 
recognized with gamma operations. Observations with 
our present equipment which is old and has a high 
contamination rate indicate this hazard is not great 
with runs of 6 months or less. Bacteriological testing 
has been more difficult with longer runs, particularly 
with the colonies of rats and mice. The gamma grade of 
operating has been the type used so far. It apparently 
will continue to be the practical method used for most 
investigations. 

The following situations probably will justify the 
more elaborate alpha operation: (1) Animals such as 
rats and mice are difficult to rear germfree from con- 
ventional stock. They should be maintained in a sterile 
environment for purely economic reasons. Alpha opera- 
tions are necessary to keep the strain pure and establish 
pedigree lines, but the bulk of the breeding can be 
‘arried on with less rigorous control. At intervals the 
breeding stock can be replaced by fresh stock from the 
alpha colony just as commercial seed growers obtain 
fresh starts periodically from sources that are geneti- 
‘ally controlled. 

(2) The complete examination for some contaminants 
such as masked viruses is difficult and a considerable 
effort is required. If the strains so examined can be 
used by other investigators, the results of these exami- 
nations have more than academic value. Any masked 
viruses or other contaminants found may limit the 
usefulness of the animal but not destroy its value. The 
development of techniques for unmasking virus and 
other parasites may indicate that it is not possible to 
obtain an animal completely free of other forms of 
life. If the problem becomes this complex, the need 
for alpha operation and pedigree stock will increase 
rather than decrease. 

(3) The rearing of animals in the absence of micro- 
biota relieves the animal of the necessity for defense 
against these agents. Under the circumstances it seems 
likely that genetic strains of animals can be produced 
which have lost the ability to generate some defense 
mechanisms such as gamma globulin or in which genes 
for susceptibility to different infective agents may ac- 
cumulate. These animals would be extremely valuable 


may be termed alpha 
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in a number of fields and should be maintained under 
alpha conditions. 

The control of contamination required for alpha 
operation depends primarily upon the detection of 
mechanical breaks in the sterile barrier or failure of a 
sterilization procedure. The break down rate is of 
economic importance and determines the number of 
duplicate series necessary to reduce the probability of 
complete loss to some predetermined level. Plastic 
isolators have two advantages over stainless steel units 
as far as detection of the sterile barrier failure is con- 
cerned. They are less complicated and the entire unit 
can be subject to an electrical leakage test as used for 
lineman’s gloves. 

Plastic film isolators have been operated in a sterile 
room lined with a sprayed-on vinyl coating. The at- 
tendant worked in a protective garment similar to that 
used with the colony tank. If the atmosphere of the 
room is made germicidal or the entire room is sprayed 
with germicide periodically, the sterile barrier becomes 
a germicidal barrier. The isolator protects the animals 
from the germicide and the garment protects the at- 
tendant. The room serves to confine the germicidal 
atmosphere. 


SUMMARY 


lexible plastic film has been used to construct ap- 
paratus for the maintenance of a sterile environment 
suitable for the rearing and use of germfree laboratory 
animals. Peracetic acid is used for sterilization. 

The apparatus is used with steam sterilized supplies 
either by a direct connection to a steam sterilizer or by 
impervious packaging of steam sterilized supplies. 

A completely sealed plastic garment was sterilized 
with peracetic acid and used to tend germfree animals 
in a sterile room. One contamination resulting from 
failure of the garment occurred in 227 entries. 

The flexible film apparatus can be used either alone 
or as an adjunct to steam sterilized rigid-walled equip- 
ment. 
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